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SYNOPSIS 
The injection moulding process is a major fabricating technique used in 
both the Plastics and Rubber Industries . The quality of the coloured 
polyolefin products produced by the injection moulding technique 
depend , at least in part , on the mixing process associated with the 
plasticating screw . 
The aim of the research programme reported in this thesis was therefore 
to investigate two main areas: 
1- the effect of moulding conditions on the mixture quality of injection 
moulded articles ; and , 
2- the suitability of the computerised image analysis technique for 
characterising pigmented mixtures. 
It was observed that the mixing process associated with injection 
moulding was affected by back pressure , screw speed and melt 
temperature .The effect of these variables on the quality of the final 
products were studied. It was found that the use of high back pressure 
significantly improved the masterbatches dispersion and enhanced the 
homogeneity of the moulded products. The back pressure has generated 
high levels of shear stress and strain, which were greater than the yield 
stresses of the pigment agglomerates , and were enough to rupture the 
agglomerates into very fine particles . The back pressure also increased 
the pressure flow, which affects the circulation of the mixture inside the 
channel, and consequently improved the degree of mixing. 
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The dispersion and distribution of I % by weight coloured masterbatches 
in the matrices of polypropylene , high density polyethylene and linear 
low density polyethylene were assessed using "Quantimet" computerised 
image analysis and this is demonstrated to be a suitable method for 
characterizing mixing quality. The measurement of "undispersed area" 
and "average area" linked to "standard deviation" analysis is shown to be 
a suitable approach for examining the dispersion and distribution of 
coloured masterbatches(i.e pigment)in the moulded products . 
It is also demonstrated that , using a photographic approach , the 
distribution of pigment in thin moulded samples can be assessed by 
measuring the grey level( light intensity between the black and white 
levels) . 
To aid the interpretation of results , the rheological , thermal and 
physical properties of the polymers and their compounds were also 
examined by various techniques such as : capillary rheometry; melt flow 
indexing ; differential scanning calorometry(DSC) ; gel permeation 
chromatography (GPC) and stress-strain testing. Similarly masterbatch 
compositions were examined by X-ray diffraction and scanning electron 
microscopy(SEM) techniques. 
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INTRODUCTION 
1.1- Mixing in injection moulding 
Injection moulding is a major industrial technique where articles of 
complex geometrical configuration can be produced in one operation . 
The earliest injection moulding machines were the plunger(ram) type 
which had the problem of poor mixing . The mixing process associated 
with injection moulding was improved when a torpedo(spreader) was 
employed at the end of the barrel. Further development was achieved by 
the introduction of a pre-plasticising system to improve mixing efficiency. 
This necessitated the use of two barrels, the melt being mixed in the first 
and then fed to the second to be injected into the mould by the plunger. 
The problem of this design was the overheating of the materials in the 
transfer zone between the two barrels(l) . 
A further major development in the design of injection moulding machines 
was the introduction of the reciprocating screw which had the advantages 
of better mixing and easier cleaning . The mixing process in this case was 
largely dependent on the plasticating screw design and to some extent on 
other components that determined the flow, such as the non-return valve 
and nozzle. Reciprocating screw effectiveness was improved further by 
incorporating mixing accessory/attachments in the screw design . The 
mixing sections included vans, pins, blades, or barriers which improved 
the mixing process by generating high shear energy(2) . 
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The study of mixing in injection moulding has mainly developed from 
the screw mixing theory in extrusion. 
Injection moulding involves two processes. The first is melt generation, 
mixing and injection, and the second is the product shaping in the mould 
cavity. Mixing which takes place in the flow passages of sprue, runner, 
gate and mould cavity is dependent mainly on the mould design(3) . 
Poor mixing processes in injection moulding may cause the following: 
1- product failure due to regions of insufficient mixing which could act 
as points of weakness ; 
2- extra processing time in order to achieve sufficient mixing , which 
may require high energy and could cause loss in the production capacity 
; and 
3- more additives or colouring m order to ensure that minimum 
concentration is maintained. 
The principal elements in injection moulding machine and the process 
analysis are considered in chapter 2 . 
1.2 - Assessment of m ixture quality 
The mIxmg process is intended to reduce non-uniformity in 
compositions, properties and temperatures of the materials in the bulk. 
This can be accomplished only by inducing physical motion of the 
ingredients( 4) . Thus the development of a mixing process requires a 
knowledge of the methods of assessing the mixture produced . The 
selection of the methods for examining the mixture quality is dependent 
on the following factors : 
1- scale of examination, i.e microscopic or macroscopic; 
2- ease of measurement; 
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3- accuracy; and 
4- equipment and operational costs . 
In practice , simple empirical procedures are often used to assess the 
mixture quality using various methods such as visual inspection of colour 
or texture, and mechanical, thermal and electrical tests. Since these 
methods can only characterize the state of mixture indirectly, therefore 
other methods of examination must be used in association with them in 
order to assess the mixture quality more accuratly . 
The basic definitions of mixing and the important aspects of this process 
are reviewed in chapter 3 . Chapter 4 describes the method of assessment 
used in this current work to characterize the mixture quality of moulded 
products. 
1.3 . Compounding of polymeric materials 
The term "polymer" refers to the pure material that results from a 
process of polymerisation and is usually taken as the family name for any 
material that has long chain molecules. Most plastic materials available 
commerically are not pure polymers, but mixtures of basic polymers 
with a variety of additives such as , fillers, plasticizers and colourants . 
The process of incorporating these additives into the basic polymer is 
known as compounding. Compounding process can involve smearing , 
folding, stretching, compressing and shearing of the mixture(5) . The 
aims of this process may be : 
1- to modify the properties of the polymer to meet certain requirements 
of the product application; 
2- to improve the processing characteristics; and 
3- to lower the materials' cost. 
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The compounding process may be distinguished from dispersion and 
blending processes by defmition . Thus" dispersion " is the process of 
reducing the size of pigment particles in the polymer materix . 
Particle-size reduction requires a sufficient shear stress(greater than the 
bond energies between the pigment primary particles) to rupture the 
pigment agglomerates. The ultimate level of dispersion achieved 
depends on the maximum shear energy introduced into mixture . 
"Blending" may be defmed as the process of uniformly distributing the 
pigments in the polymer. 
In the context of the current work , the experimental procedures for 
blending 1 % red and brown masterbatches in virgin sample materials of 
polypropylene , high density polyethylene and linear low density 
polyethylene are investigated in chapter 5 . The analysis of the mixing 
quality of these polymer compounds are considered in chapter 6 . 
1.4 - Methods of colouring injection moulding products 
Various methods are used in industry to colour products obtained by 
injection moulding. The advantages of these methods are discussed in the 
following sub-sections . 
1.4.1- Pre-compounded colouring 
Pre-componded or pre-blended material has been widely used in the 
plastics industry for many years because of its advantages, principally 
the colour uniformity of the moulded products. Pre-blended material is 
produced by re-extruding virgin polymer with pigments and other 
additives .Thedisadvantage of this technique is its expense. 
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1.4.2 - Powder colouring 
" Powder colouring" or so called " dry colouring " simply involves 
blending a small quantity of powder pigment with the virgin material to 
produce the desired colour shade . The powder should be either 
thoroughly blended with the virgin polymer before introducing the 
material into the machine or , alternatively, metered automatically and 
blended within the machine . However it is difficult to meter powders 
accurately and this may give rise to the development of inconsistent 
colouring . If the material is pre-mixed then colour contamination is 
likely to occur as it is difficult to clean the mixer thoroughly. 
The advantages of the " powder colouring" technique that it is : 
1- the least expensive method of colouring and it is 
2- applicable for short production runs where small quantities of 
different colours are required. 
The main disadvantage is the housekeeping safety problem with dust . 
1.4.3 - Masterbatch colouring 
" Masterbatches " are high concentrations of compounding additives 
dispersed in a carrier system. If the carrier system is the base polymer 
then the masterbatch is referred to as a " dilute masterbatch "and may 
contain up to 20% of the additive(6) . The dispersion of additive in the 
masterbatch is carried out in a heavy duty internal mixer followed by 
extrusion and cutting to final product of granular form(7) . 
The advantages of this method of colouring are that: 
1- the method is suited to long production runs; and that the 
2- masterbatch is clean and easy to handle and the amount of 
contamination produced is small . 
The disadvantage of this method is the requirement for a high level of 
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dispersion in the masterbatch to achieve good colour uniformity in the 
finished products . 
1.4.4 - Liquid colouring 
A " liquid colourant" is a pigment paste of additives dispersed in a 
viscous liquid carrier which may be plasticizer , polymer , low 
molecular weight polymer or a combination . The properties of the 
finished products are affected by the amount of additives . The liquid 
colourant is introduced into the injection moulding or extrusion system 
using a pump as a metering device. The virgin polymer is mixed with 
the liquid colourant near the bottom of the feed hopper and then fed into 
the machine barrel as shown in Fig 1.1 . The pump cycle is connected to 
the screw-return cycle which allows the colourant to be injected only 
during the back screw rotation(8) . The use of the liquid colouring 
methods have increased in popularity in the industry for the following 
reasons(9) . 
1-They promote better wetting and ease of pigment dispersion in the 
polymer and require less shear force to achieve the required dispersion 
levels( in comparsion with masterbatch colouring methods). 
2- The colourant is introduced directly into the feed throat without any 
preblending processes and hence eliminates contamination problems. 
3- The colourant acts as cleanser and purges easily from the machine 
barrel and screw assemblies . 
However, the liquid colourants may have adverse effects on properties 
in some polymeric systems(5) . 
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CHtM:lleS 2 
A REVIEW OF THE INJECTION MOULDING 
PROCESSESS 
This chapter is reviews the injection moulding process and its important 
features . The technique was selected for the current work because of its 
wide use in the plastics industry and the general need for a deeper 
understanding of the mixing process . 
2.1- History and background 
The earliest plastics injection moulding machines were based on the 
pressure die casting technique for metals. The development of injection 
moulding is related to the development of synthetic materials. One of 
these materials, " Celluloid" , was developed by Hyatt in 1869 ; he also 
designed a single- action moulding machine for processing it . Further 
advance of injection moulding was entirely dictated by the availability of 
materials suitable for the process . A solid part in cellulose acetate was 
first produced by injection moulding process in the early 1920's and it 
was from these beginnings that the technique began to get established. 
The basic concepts of the injection moulding process are as follows . 
The material is fed into the machine barrel through a hopper . Heat is 
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introduced to the material from the heaters of the barrel zones and from 
the input energy of mechanical work . The molten material is then mixed 
and injected at high pressure into a cooled mould . After cooling the 
material adopts the mould shape and is removed . 
2.2 - Analysis of the injection moulding process 
2.2.1 Plasticating 
Early injection moulding machines were of the plunger type in which 
solid polymer granules were conveyed along a heated barrel by a piston. 
This process was associated with many disadvantages such as , poor 
mixing, difficulty of metering the shot size accurately, and pressure loss 
in the barrel(1) . Improvements in melt homogeneity and heat 
conduction were achieved by the use of a torpedo which was often placed 
before the nozzle . 
The early works published on " plasticating " within injection moulding 
were concerned with plunger machines. Toor(10) carried out an energy 
study of the plunger machine cycle and Eagleton(ll) demonstrated the 
problems of pressure loss along the barrel and poor mixing . 
The plasticating system of injection moulding was developed to improve 
the process efficiency and a major development was the introduction of 
the reciprocating screw. Such a unit premotes easy flow of material due 
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to screw shear action and the supply of heat directly to the material by 
friction action . The use of reciprocating screw injection moulding had 
spread widely by 1961. The analysis of reciprocating screw units began 
with the application of melt extrusion theory. Some of these analyses 
were published by Stuab(12) who used extrusion theory to predict the 
effect of barrel temperature gradient on screw output. 
In 1971 the plasticating process of reciprocating screw was considerably 
advanced by the experimental study of Donovan et al(13) where a screw 
extraction technique was carried out on injection moulding . 
Subsequently, Donovan(14) proposed a melting model based on steady 
state extrusion. That model was then applied to a wider set of 
experimental data(15) . Nunn and Fenner(16) also established a model 
for melting behaviour during the injection cycle on analysing the results 
obtained from screw extraction experiments. 
The plasticating performance of injection moulding, for a given shot 
size, depends on the extruder barrel size(diameter and length) , screw 
design , barrel temperature , screw rotation speed , back pressure and 
cycle time. However, the most important factors in the analysis of the 
plasticating process are melt temperature and residence time. 
The heat input to the material is due to conduction and convection from 
the barrel zones and also due to frictional heat generated from the 
9 
mechanical work(a function of screw speed, back pressure and viscosity 
of the material)(17) . 
The heat conduction depends on the initial temperature of the element, 
the position of the element in the barrel or screw channel, the thermal 
diffusivity and the residence time(l8) . 
2.2.2- Mould filling 
The mould filling process can generally be divided into three stages; 
1- filling; 
2- packing ; and 
3- solidification. 
The overall process has been investigated by many workers by 
experimental studies of the filling process using different techniques such 
as injecting colour tracers into the mould and the photographic recording 
of flow in transparent glass moulds . The process of mould filling has 
also been studied using theoretical modelling to analyse the one 
dimensional flow in mould cavities . Flow visualization studies were 
found necessary both for the actual mould design and the mathematical 
simulation of the process. This is mainly because of the complexity of 
the filling process. One of the studies reported by Kamal and Kenig(19) 
suggest that during early the stages of filling a semi-circular mould '. the 
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flow pattern is radial .The filling process of a mould cavity may be 
divided into three stages as classified by Han(20) . 
1- The melt flows from the gate into the cavity and spreads in a radial 
pattern . 
2- The flow pattern changes from a circular shape to an almost flat 
profile. 
3- The flow of flat profile continues to move forward until the cavity is 
filled. 
The filling stage is represented by the unsteady state flow of a hot , 
non-Newtonian melt into an empty cavity, which is held at a temperature 
below the solidification temperature of the polymer . After filling is 
completed, the packing stage takes place during which the pressure may 
vary in the cavity due to two factors. The first factor is the melt flow in 
the mould causing the pressure to increase as a result of the increased the 
melt density in the cavity. The second factor is that the cooling process 
of the melt reduces the pressure in the cavity . The quality of the moulded 
products is largely affected by the pressure and temperature and their 
rate of variation during the cooling stage(21) . During the cooling stage, 
two situations exist, the heat removal of the melt to the cooling channels 
through the cavity wall and the heat transfer within the moulding. 
Therefore, the analysis may be divided into: 
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(a) variables related to the moulding process such as melt properties and 
cooling medium temperature ; and 
(b) variables related to the mould used such as mould thickness and 
thermal conductivity of the mould material(22) . 
2.3- The mechanism governing the output of the 
reciprocating screw 
The reciprocating screw (during injection moulding) has to fulfil the 
following functions; conveying the solid polymer; heating and fluxing ; 
building up of pressure ; metering and homogenizing the melt(23) . 
Generally, the reciprocating screw is divided into three zones; each with 
a specific function as follows . 
1- Feed zone. 
2- Compression or transition zone . 
3- Metering zone. 
Additional zones may be included in the screw design, such as a hopper 
section zone (to provide a unifonn solids feed) and a mixing section zone 
(to improve the mixing performance(24) ) . 
The flow analysis of the screw shows that the output is the result of three 
types of flow : 
1- Drag flow due to the interaction of the rotating screw and stationary 
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barrel. 
2- Pressure flow due to the pressure gradient build up along the screw. 
3- Leakage flow due to the clearance between the screw flights and the 
barrel which allows the material to leak back along the screw . 
The derivation of the flow equations in the screw extrusion is based on 
the analysis between parallel plates(moving and stationary) . The analysis 
assume the following: (a) the flow is laminar , (b) the flow is isothermal 
, (c) there is no slip at the walls, (d) the fluid is Newtonian and 
incompressible, and (e) the flow is fully developed. 
The total output from the screw can be expressed as follow. 
Q= QDrag + Qpressure + Qleakage _________________ (2.3.1) 
Q= aN - j3~p/Jl - Mp/Jl ---------------------- (2.3.2) 
where a,j3,8 = geometrical variables 
N = screw speed 
~p= pressure gradient 
Jl= viscosity 
The above equation demonstrates that the operating conditions have an 
effect on the fmal output and also on the resultant velocity profile in the 
screw channel. The drag flow is largely influenced by the screw speed 
whereas the pressure flow is affected by the variation in the pressure and 
temperature . 
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The mathematical modelling of the flow in the screw extrusion are 
discussed in details elsewhere(3,52) . 
2.3.1- Solid conveying 
The conveying of solids in the feed section of the screw have been studied 
by many authors(25,26,27) . 
The physical properties of solid polymers play an important role in their 
flow properties . Solid flow is very dependent on the frictional 
properties of polymer solids against the metal surface of the screw and 
the barrel. 
The problem of conveying solids in screw channels can be solved by 
adopting the following approaches . 
1- Forced-feeding through the use of a· grooved-barrel surface and the 
conical screw(28) . 
2- Starve-feeding through the use of metering devices(29) . 
3- Use of a hopper compactor which can provide a more positive control 
of the flow rate(30) . 
2.3.2- Melting 
The melting characteristics of the plasticating screw are relatively 
complex . An understanding of melting processes was developed by 
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Maddock(31) and Street(32) in which screw extraction permited visual 
analysis of the process. Later, Tadmor(33) derived a mathematical 
model based on Maddock's observations. Using Tadmor's model the 
melting performance of different screw designs was investigated by 
Meijer(34) . The melting mechanism observed by Maddock(31) is 
characterized by a melt pool which is in contact with the pushing flight as 
shown in Fig 2.1 . As the melting proceeds, the width of the solid bed 
decreases while the melt pool gradually fills the entire cross section of 
the screw channel. This mechanism is found to be valid for a wide range 
of polymers including low and high density Polyethylene , 
polypropylene and polystyrene . Another melting mechanism was 
reported by Chung(35) in which the solid bed remains essentially in the 
centre of the screw channel . The melting in this mechanism occurs at the 
solid-bed/melt film interface as shown in Fig 2.2 . The melt produced 
circulates into the rear of the channel which then presents a fresh 
solid-bed surface to the melt as the process continues. Consequently, a 
steady fIlm thickness forms over the solid-bed. 
The melting process of the plasticating screw largely depends on the 
following factors : 
a- barrel and screw temperatures; 
b- screw speed; 
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c- geometry of screw channel; 
d- size and shape of particles; and 
e- physical and thermal properties of the solid. 
2.3.3- Mixing 
Mixing is one of the most common operations performed by a polymer 
processor. The mixing process involves two operations , first the 
breaking of the agglomerations of material into finer particles and 
secondly the distributing of the particles into an even mix. 
Since the reciprocating screw was introduced into injection moulding in 
the early 1960's many attempts have been made to modify the screw 
design in order to improve its performance and the quality of mouldings. 
Mohr et al(36) derived a theory of mixing for single screws based on the 
flow observed in screw channels. They investigated the effect of screw 
design and processing conditions on the mixing performance and 
showed that the primary mechanism of mixing in the single screw 
extruder is laminar shear . This has been the basis of subsequent 
analyses(37) . 
The understanding of the mixing process in the screw extruder is 
complicated by the use of a .. mixing section" . These sections (which are 
incorporated in extruders) consist of vanes, pins, blades or barriers. 
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Maddock(2) introduced a barrier mixing section along the length of the 
extruder screw to accelerate melting and improve mixing performance. 
Tadmor and Klein(24) proposed a theoretical model, for fluted mixing 
sections , to calculate the expected pressure changes across the mixing 
section. The use of mixing sections causes the mixture to reorient in a 
direction more favourable to mixing and hence improves the mixing 
performance without greatly increasing the work expended on the 
mixture. The theory of reorientation as a mechanism of mixing sections 
has been assessed by Erwin(38,39) , Ng and Erwin(40) , Shah and 
Erwin(41) and Bigio et al(42) . 
The alternative approach (to improve the mixing performance of the 
screw extruder) is to modify the screw design. This approach has been 
followed by many workers using different techniques such as the use of a 
" Transfermix " screw( 43) which is mechanically similar to a 
conventional screw extruder but provides a high speed extrusion rate . 
Others(44) have introduced a " Double Wave" screw in injection 
moulding in order to overcome the limitations of the conventional screw. 
Lin and Bevis(45) have proposed a new design of cavity transfer mixer 
and compared the mixing performance of this device with general 
purpose and vent screws. Alternatively Verbrack and Meijer(46) have 
used an advanced screw design to improve the mixture quality . The 
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effect of screw wear of different designs on the moulding operation have 
been examined by Lounsbury(47) . Barr(48) has investigated the effects 
of screw geometry on the mixing process . 
The concept of " residence time distribution " was introduced first by 
Danckwert(49) to characterize mixers. This approach has been adapted 
by Pinto and Tadmor(37) and Bigg(SO) . Later Wolf and White(Sl) 
developed a sensitive radioactive tracer technique for measurement of 
residence time distribution and reported good agreement with the Pinto 
and Tadmor model. 
The analysis of strain which the material experiences during extrusion 
was first examined by Mohr(36) . Later McKelvey(S2) developed a 
model to calculate the average strain of a Newtonian fluid in the 
extruder. The measurement of weighted average total strain(W A TS) was 
introduced by Pinto and Tadmor(37) to measure the total deformation 
experienced by the material in the extruder and consequently assessed the 
quality of mixing . The concept of W A TS was used by Edward et 
al(S3,S4) to measure the mixing performance of a split barrel extruder. 
They showed that the degree of mixing produced in the melting zone is 
more significant than that in the metering zone. Lindor and Tadmor(SS) 
have developed a model for calculating the combination of residence 
time distribution and strain distribution function to characterize the 
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perfonnance of the plasticating screw extruder. 
Details of the mixing process in a screw extruder and characterization of 
the mixing perfonnance are topics dealt with in chapter 3 . 
2.4- Effects of processjng conditions on moulding 
properties 
In order to understand the changes which occur during the injection 
moulding cycle , it is necessary to examine the interaction between 
mouldability , material properties, and the processing conditions. 
The effect of these interactions and the processing conditions on the 
moulding properties are as discussed below: 
2.4.1- Effect of moulding conditions on mould ability 
Gilmore and Spencer(56) have investigated the effects of injection 
pressure, injection time , melt temperature, and mould temperature on 
the quality of injection moulded polystyrene articles . Mould shrinkage 
was found to be reduced at high injection pressure and injection time. 
High melt temperature gave rise to a longer cycle time and also excessive 
packing pressure resulted in an increase in cycle time . 
The effect of gate size , melt temperature and mould temperature on the 
injection pressure were studied by Staub(57) . The injection pressure 
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required to fill a rectangular mould cavity was found to be high when 
melt temperature and mould temperature were low . 
The effect of injection rate on the cavity pressure loss was examined by 
Barrie(58) using Polypropylene . He demonstrated that the cavity 
pressure loss as a function of injection rate depends primarily on the 
effect of melt viscosity and the solidification of the melt on the cold 
mould surfaces . 
2.4.2- Effect of material properties on mouldability 
Crystalline polymers exhibit a greater mould shrinkage than amorphous 
materials due to the closer packing of molecules in the crystalline state. 
The influence of molecular weight and molecular weight distribution on 
the melt rheological behaviour of two polystyrenes were examined by 
Thomas and Hagan(59) . They showed that the variation in the molecular 
weight and molecular weight distribution of these materials influenced 
the orientation , mould shrinkage and mechanical properties . 
Thomas(60) pointed out that the apparent viscosity of polymers is 
dependent on the molecular weight distribution ; the broader the 
molecular weight distribution the more sensitive is the viscosity to shear 
rate. The injection moulding behaviour of polymeric materials depend 
very much on their thermal and rheological properties . 
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2.4.3- Orientation 
Molecular orientation is an important factor which determines the final 
shape and physical properties of moulded articles. The degree and type 
of orientation is mainly determined by the processing conditions such as 
injection pressure , mould temperature and melt temperature . The 
development of orientation is due to the differences in velocity of 
adjacent layers of polymer melt which generate shear and elongational 
stress causing the polymer chains to be oriented in the direction of the 
stress . Also orientation may occur during the packing and pressure 
holding stages due to the additional inflow of materials(61) . 
During the mould filling and packing stages the randomly-coiled 
polymer molecules becomes disentangled and extended in the direction 
of the flow due to shear deformation. If the molten polymer is rapidly 
cooled to a temperature below its transition temperature during the 
solidification stage, the polymer molecules will not have time to relax to 
their lower energy level(the randomly coiled configuration) . The 
polymer is then said to have been" frozen-in to an orientated state" . 
This frozen-in orientation gives rise to anisotropy in the birefringence , 
thermal conductivity and mechanical properties of the moulded article . 
The measurement of the anisotropy of these various properties yields a 
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quantitative estimation of the degree of frozen-in orientation. 
Ballman and Toor(62) have studied the birefringence pattern of 
polystyrene mouldings. They have observed the following. 
I-The birefringence value at the mould surface is zero . 
2- Orientation increases with a decrease in both melt temperature and 
mould temperature. 
3-Higher injection pressures and longer injection times increase the 
orientation of the moulding. 
Similarly Harland et al(63) have examined the orientation pattern of 
polystyrene along the filling direction in injection moulding . They 
explain the distribution of birefringence in terms of die swell in the 
vicinity of a gate, elongational flow in terms of radial flow, and shear 
flow changes in terms of pressure gradient. 
2.4.4- Residual stressess and strains 
The residual stresses and strains in the final product are consequences of 
mechanical and thermal effects the polymer undergoes during the 
injection moulding process. Residual stresses in the moulded product can 
be attributed to two main sources. The first type is as a result of shear 
and normal stresses during filling and packing stages . These stresses , 
which are referred to as " residual flow stresses " are frozen in and do 
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not relax completely due to rapid cooling. The second type of stress 
arises during the cooling stage as a result of changes in viscoelastic 
behaviour of the polymer and nonequilibrium density changes 
accompanying the rapid , inhomogeneous cooling . These stresses are 
called thennal(cooling) stresses. In general, residual stresses can not be 
measured directly. However, it has been assumed that measurement of 
frozen-in birefringence is an indirect indication of the level of the 
residual flow stresses. 
Kubat and Rigdahl(64) have examined the internal stresses of moulded 
polyethylene at high injection pressures using the stress relaxation 
method. Haworth(65) has adopted the technique of layer removal and 
the stress relaxation method of Kubat and Rigdahl to measure the internal 
stresses of injection moulded thermoplastics . Similarly, Isayev and 
Crouthamel(66) have presented a review of the various techniques used 
to measure residual stresses of injection moulding. 
23 
Wt!.\~jJ§OO $J 
CHARACTERIZING THE MIXING PROCESS 
The aim of this chapter is to outline the background to the mixing theory 
which is relevant to this current research work although not all the 
definitions are adopted later. 
3.1 Basic concepts of mixing 
The objective of mixing can be : dispersion of one component in another 
; promotion of heat transfer; mass transfer; solid suspension ; and 
reaction. In polymer processing , mixing becomes an important step 
because mechanical, physical and chemical properties strongly depend 
on composition uniformity. Various definitions have been given to the 
term" mixing" by many workers. Mohr(67) has defined it as " the 
process in which two or more starting components are interspersed in 
space with one another " , McKelvey(52) describes mixing as 
"increasing the randomness of the spatial distribution of the volume 
elements of the components" and Tadmor and Gogos(3) define it as the 
process that reduces non-uniformity in composition. 
The term" mixture" is defined by Irving and Saxton(68) as " the state 
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formed by a complex of two or more ingredients which do not bear a 
fixed proportion to one another and which however commingled are 
conceived as retaining a separate existence " . The " ultimate particles " as 
considered by McKelvey(52) are the smallest particle size of the minor 
component normally existing in the mixture . The size of ultimate 
particles may be of molecular, colloidal, microscopic or even of larger 
size. The sample size required to examine a mixture would depend on 
the limiting particle size in the mixture. Thus, to characterize a mixture 
the sample size must be significantly greater than the largest 
agglomerate existing in the mixture . 
3.2 - Mixing mechanism 
The mechanisms of mixing result from a combination of the mechanical 
movement of the mixer and the resultant deformation and flow induced 
in the material .Three basic types of motion are involved in mixing. 
Brodkey(69) classifies them as molecular diffusion, eddy diffusion and 
bulk diffusion." Diffusion" means the act of spreading out, regardless 
of the mechanism involved . Molecular diffusion caused by relative 
molecular motion is driven by a concentration gradient and is the 
dominant mechanism in mixing of gases and low viscosity liquids . 
In turbulent flow , there is bulk motion of large groups of molecules . 
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These groups are called" eddies " which give rise to material transport 
called " eddy diffusion " . Non-molecular and non-eddy diffusion 
processes are grouped as " bulk diffusion " . The bulk diffusion can 
occur simultaneously with both molecular and eddy diffusion . In 
polymer processing, because of the very high viscosity of polymer melts 
, eddy diffusion is rarely reached and molecular diffusion is almost 
insignificant in that it occurs extremely slowly, so that the dominant 
mixing mechanism is bulk diffusion or convective flow . The same 
mechanism holds for solid-solid mixing. The molecular diffusion may 
be significant in the polymer mixing process if one of the ingredients is a 
low molecular weight material such as a blowing agent , or certain 
antioxidants . 
3.3 - Types of mixing 
3.3.1- Laminar mixing 
The mixing of polymers is achieved by laminar flow since it is not 
possible to achieve turbulence because of the high viscosity of the 
polymer. Fig 3.1 shows the types of mixing encountered where the 
process is dominated by convective flow, generally referred to as 
convection. Convection involves movement of fluid particles or clumps 
of solid from one position in a system to another. Convection can be 
achieved if the interfacial area between the minor and the major 
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components increases such as during the mixing of liquid-liquid system, 
or if the minor component is distributed throughout the major 
component as in solid-liquid and solid-solid mixing. Many solid-liquid 
mixing operations , such as incorporating carbon black pigments and 
fillers in polymer, may be treated as liquid-liquid systems because the 
operation generally involves the distribution of a small amount of highly 
filled polymer( i.e masterbatch ) in the matrix material. 
Convective mixing can be divided into" intensive mixing" ( dispersive 
mixing) which depends primarily on the degree of shear and "extensive 
mixing" (non-dispersive mixing) which depends on the extent of flow 
or development of new surface . Extensive mixing can be achieved by 
imposing deformation on a system through laminar flow. This is termed 
laminar convective mixing(3) , although some refer to it as streamline 
mixing(70) , or laminar mixing(52) . Laminar convective mixing of 
liquid-liquid and liquid-solid in the processing of polymer systems is 
accomplished through various types of flow , namely , shear , 
elongation( stretching) and squeezing (kneading) , where shear flow plays 
the major role . Erwin(7l) introduced the concept of material 
deformation as a function of mixing in laminar flow . The convective 
mixing that occurs in conventional single screw extruders is mainly 
through laminar shear mixing although some laminar elongational 
mixing can also take place especially with tapered screws. Mohr(36) has 
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showen that laminar shear is the primary mechanism of mixing in screw 
extruders. 
3.3.2 - Distributive mixing 
Distributive mixing or extensive mixing is achieved by a simple bulk 
rearrangement of the material involving a plug-type flow and requires 
no continuous deformation of the material. Spencer and Wiley(70) refer 
to this kind of mixing as repetitive mixing whilst McKelvey(S2) uses the 
term simple mixing and Tadmor and Gogos(3) called it plug convective 
mixing . This kind of mixing . through repeated rearrangements of the 
minor component. can in principle reduce nonuniformities to the 
molecular level. The repeated rearrangement in distributive mixing can 
be either random or ordered as shown in Fig3.2. The random 
rearrangement process takes place in most solid-solid mixers such as 
V -blenders • whereas the ordered rearrangement forms part of the 
mixing mechanism in certain motionless mixers. Matrix techniques have 
been applied by Spencer and Wiley(70) to model systems in order to 
determine the location in space of the minor and major compoments after 
the system has been subjected to ordered distributive mixing. Similarly. 
Shearer(72) has carried out experiments and has proposed simple 
theories to predict the degree of mixing in a number of flow geometries 
involving this type of mixing mechanism . 
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3.3.3 - Dispersive mixing 
Dispersive mixing in polymer processing involves the breaking down of 
agglomerates of solid particles, such as pigment and carbon black, in a 
deforming viscous liquid. This is accomplished by forcing the mixture 
to pass through high shear zones generated in narrow clearances such as 
the gap between rolls of a two roll mill . An example of a dispersive 
mixing process is the preparation of a masterbatch of carbon black in 
polyethylene in a Banbury mixer. ill this type of mixing the local stresses 
play a very decisive role if the component breaks upon reaching a certain 
yield stress. Dispersive and non-dispersive mixing mechanisms are both 
important in terms of the physical and chemical properties of the finished 
plastics product. For example , mechanical properties such as tensile 
strength are largely affected by dispersive mixing , while the product 
appearance (such as the presence of colour streaks) depends on the 
degree of non-dispersive mixing imposed on the polymer. 
3.4 - Types of mixers 
The design of a mixer is an important factor in determining the quality 
and the productivity of the mixing process /. The mixing operations 
involve relative motions between the components . Mixing machines 
differ in the means of achieving these relative motions and the flow 
patterns that the materials undergo in consequence(5) . Mixing machines 
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may be classified as dynamic or static mixers , or alternatively can be 
classified according to the continuity of the mixing process . This 
distinguishes between two categories of mixers : namely batch and 
continuous mixers. The type of the mixer must be classified according to 
its characteristics mixer such as the following. 
1- Materials handled. 
2- Mixing duty ( e.g blending, dispersion, shearing and kneading) . 
3- Working principle. 
4- Mixer geometry ( shape and size) . 
5- Mixing tool. 
6- Charging and discharging arrangement . 
7 - Mode of process control ( e.g pressure , temperature , rotor speed , 
manual , automatic) . 
The design of various types of mixers requires detailed knowledge of the 
distribution functions of time , temperature , strain, and stress . These 
variables determine the " degree of spread of mixing " and can be 
expressed by a generalization of distribution functions . An important 
criterion for mixer design is the use of power consumption . This 
criterion is essential for two reasons: it is associated with the energy cost 
in running the mixer and it determines the product quality (which 
depends on the energy imparted to the polymer during the process). 
An excessive input of energy can be damaging to the polymer while 
30 
insufficient work may lead to poor mixing . Energy is introduced into 
the polymer during processing through the use of heat and mechanical 
energy. The heat energy is used to control the viscosity of polymers and 
the mechanical energy introduced into the system is often measured in 
terms of shear rate and shear stress . 
3.4.1 - Batch mixers 
Batch mixers are widely used mixing devices. The advantages of this 
mIXer are : 
1- it is suitable for a wide range of materials ; 
2- the operating conditions can be varied during the mixing cycle ; 
3- good temperature control; 
4- additives can be incorporated at an optimal time into the component; 
5- available over a very broad range of sizes. 
Batch mixers can be used in processing in three broad categories: 
1- particulate solid mixers ; 
2- extensive liquid mixers ; 
3- intensive liquid mixers ; 
Particulate solid mixers, also referred to as blenders, generally involve 
random distributive mixing . Liquid mixers are dominated by a laminar 
mixing mechanism which increases the interfacial area between the 
components and distributes the interfacial elements throughout the mixer 
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volume . These mixers may be subdivided on the practical basis of 
mixture viscosity(68) . At one end, are the low viscosity mixers, such as 
the impeUer type mixers, in which turbulent mixing plays a significant 
role. At the other end are the high viscosity mixers, such as the Banbury 
type and the roll-mill , both widely used in the rubber and plastics 
industries . 
3.4.2 - Continuous mixers 
Single screw and twin screw extruders are in the category of continuous 
mixers . Substantial modifications to single screw extruders aimed at 
improving dispersive mixing capability , has led to continuous mixers 
such as the " Transfermix " and the'" ko-kneader ". Continuous mixing 
has the advantages of : 
1- large outputs being achieved by a relatively small mixer; 
2- uninterrupted operation ; 
3- greater product uniformity; 
4- output rate that can be adjusted to meet varying demands; 
5- multistage mixing that can be performed in a single continuous 
operation. 
It has the disadvantages of : 
a-lower dispersive mixing quality; 
b- less flexibility in switching to processing of new formulations of 
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mixtures; 
c- the fact that the feed must be maintained uniformer with time; 
d- difficulty in continuous monitoring of product uniformity. 
The design of a continuous mixer is aimed to provide a uniform output 
composition across the exiting stream, as well as composition uniformity 
at a constant rate . The former is achieved by imparting to all fluid 
particles leaving the mixer the same total deformation(i.e narrow strain 
distribution function) and by feeding the mixer with a grossly uniform 
mixture ; ample shuffling and rearrangement throughout the mixer also 
must be attained. Uniformity with respect to time can be obtained by 
metering carefully the ingredients' inlet rate or by imparting a certain 
amount of backmixing . However, backmixing results in broadening of 
residence time distribution in the mixer with the unwarranted 
consequence of possible excessive residence times for certain fractions of 
the materials leading to shear or thermal degradation and longer 
changeover of compounds . 
Another type of mixer without any moving parts is the so-called 
"motionless mixer" or " static mixer" . The mixing mechanism in these 
mixers is a combination of laminar mixing and ordered distributive 
mixing. 
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3.5 - Characterization of mixtures 
Complete characterization of a mixture would require the specification 
of the size, shape, orientation and spatial location of every particle(or 
clump) of the minor component. In certain cases, such as a mixture 
containing uniform size particles , the position of every particle would 
provide complete characterization of the state of the mixture. In practice 
, a mixture is often characterized according to its application, so that 
simple empirical procedures are often used . Some of these empirical 
methods for evaluating the mixture uniformity are as follows. 
a- Visual inspection of colour or texture. 
b- Mechanical testing , such as impact , tensile , compressive 
c- Thermal testing , such as measurement of glass or melt transition 
temperature, specific heat, thermal conductivity and low temperature 
brittleness . 
d- Electrical testing, such as dielectric properties , electric strength and 
conductivity . 
e- Weathering testing, such as enviromental stress cracking. 
McKelvey(S2) indicates that three criteria are required to characterize 
the state of mixture . They are the gross uniformity , texture and local 
structure . Assessments of mixture quality are given in details in 
section(S.2) . 
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3.5.1 - Gross uniformity 
Generally, in dealing with a mixture, the overall or gross composition 
uniformity should be examined first. Gross uniformity is described as " 
some quantitative measure that characterizes the goodness of distribution 
of the minor component throughout the object or system analyzed " (3) . 
A perfect gross uniformity is obtained when the concentration of minor 
component throughout the system examined is uniform . In most 
practical cases, the gross uniformity is controlled by the mixing method 
and is determined by the conditions and the time of mixing. In random 
mixing processes, if the samples of the system analyzed are distributed 
according to a binomial distribution then the mixture is grossly 
uniform(73) . A large number of samples would be required to verify 
this. This calculation is tedious and simpler tests are used for evaluating 
the state of a mixture by calculating certain mixing indices that relate 
representative statistical parameters of the binomial distribution. Mixing 
indices of over 30 different types have been reviewed by Fan and 
Wang(74) . The foregoing discussion is applicable to a mixture system of 
a minor component of uniform size in a major component, which can be 
solid or liquid. Buslik(75) proposed a universal homogeneity index for 
measuring degree of mixedness . Homogeneity is measured as the 
reciprocal of the weight of sample required to obtain a standard 
deviation of 1% . This implies that to increase homogeneity, the size of 
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particles in the mixture must be reduced and a perfect homogeneity could 
only be obtained with particles of zero size. 
3.5.2 - Texture 
The term " texture " is referred to as non-uniformity manifested as 
patches , stripes and streaks or other patterns that can be recognized 
visually . Texture is important in polymer processing because , (a) 
laminar and distributive mixing inevitably lead to it, (b) many products 
are visually examined for lack of texture or for certain desired texture, 
and (c) mechanical properties of blends depend on the texture(3) . It is 
possible to characterize the mixture quantitatively by visual recognition 
of texture. Fig 3.3 shows coarse and fine grained samples respectively. 
Danckwert(49) introduced the scale and intensity of segregation to 
characterize the texture of a mixture . The scale of segregation is a 
measure of the size of undistributed portions of the components while the 
intensity refers to the difference between the compositions of 
undistributed portions and the desired mean composition . These two 
concepts are illustrated in Fig 3.4 . A good uniform mixture can be 
obtained by either reducing the scale or intensity of segregation. If the 
scale is small , large segregation may be tolerated and vice versa . He 
initiated the use of a correlogram plot to defme the scale and intensity of 
segregation. The scale of segregation is the integral of the coefficient of 
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correlation , R(r) , between points in a mixture of distance (r) apart 
plotted versus the distance between two points in the mixture to obtain 
the correlogram plot. This approach has been subsequently attempted by 
Schofield(76) to assess the degree of mixedness of dry powders, Nadav 
and Tadmor(77) to characterize the texture of extruded polyethylene 
films and Tucker(78) to provide quantitative relationships between 
statistical descriptions of mixture and mixture quality . However , the 
autocorrelation techniques mentioned above require many 
measurements for a simple texture and it is time consuming even with the 
use of computers. This technique also leads to difficulties of interpreting 
the correlograms and measuring the mixture composition at precise 
locations(79) . 
3.5.3 - Local structure 
The term local structure is referred to as the manner in which the 
ultimate particles at the end of mixing are distributed within the 
streaks/patches of the minor component . Analysis of local structure 
requires a smaller scale of examination than the one for texture . The 
local structure of carbon black in polyethylene film has been analysed by 
Best and Tomfohrde(80) using the coefficient of variation. To analysis 
the local structure of dispersed carbon black particles , one should 
determine whether the particles are agglomerated in clumps or 
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individually dispersed .. This may significantly affect the properties of 
the product. 
3.5.4 - Interfacial area 
In considering the mixing of highly viscous liquids Spencer and 
Wiley(70) proposed two parameters , the total interfacial area between 
the two components and the striation thickness as appropriate measures 
of mixedness . They quantitatively related interfacial area growth in 
plane strain flow with fluid motion and applied this relation to very 
simple mixing geometries . The growth of an interface in a liquid 
undergoing shear was found to be 
A/Ao = ( 1-2S cos ex. cos13 + S2 cos2ex. 12 ----------- (3.5.1) 
where A, Ao = final and initial interfacial area respectively 
ex. , 13 = angle defming the orientation of surface to be sheared 
S = magnitude of shear strain 
This expression indicates that the increase in interfacial area is a function 
of initial orientation and total strain . For large shear , the above 
expression reduces to 
A/Ao = S cosex. --------------------- (3.5.2) 
This equation indicates a linear relationship between the growth of 
interfacial area and the applied shear strain . The interfacial area 
relationship has been used by many authors ( 36,40,50,52,81) to calculate 
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the effectiveness of mixing when using a simple mixer geometry . The 
relationship between deformation and mixing for a wide variety of flows 
has been examined by Ng and Erwin(82) . The first requirement for 
achieving good mixing is to impose large strains on the mixture and this 
should be accompanied by the second requirement of distribution of 
interfacial elements throughout the mixture. Both factors are dependent 
on the orientation of the interfacial area. The optimum orientation of the 
interfacial area elements in undirectional shear flow is normal to the 
direction of shear. The distribution of interfacial area in single screw 
extruder can be improved efficiently by the use of mixing sections 
consisting of vanes, pins and other flow obstructions and the efficiency 
of mixing sections is a function of operating conditions and 
geometry(83) . The randomizing and re orientation of interfacial area 
elements by the mixing sections can improve mixing performance of a 
single screw extruder without greatly increasing the energy input to the 
mixture(38,39,41) . 
3.5.5 - Striation thickness 
The striation thickness is a measure of the linear separation between 
regions of identical composition as shown in Fig3.5. Thus it is a physical 
measure of Danckwert's scale of segregation . The .. average striation 
thickness" (r) can be computed from the ratio of total interfacial area(A) 
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and the volume of the system(v) : 
r= v I(AI2) --------------------- (3.5.3) 
Mohr(36) has suggested the " striation thickness " as a quantitative 
measure for the " goodness of mixing" in polymeric systems. 
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IMAGE ANAL VSIS 
4.1 - Image analysis technique - A review of the 
literature 
The image analysis technique was originally designed for metallurgical 
applications , but the methods and techniques were soon extended and 
applied to a wide range of potential applications such as medicine , 
biology, quality control in steel production and pigment dispersion in 
paints and plastics(84) . The Quantimet technique has been successfully 
applied to various non-ferrous materials such as plastics , rubber , 
ceramics and composites to measure particles size, porosity and phase 
quantities . The image analysis technique has been used in various 
applications such as evaluating pigment dispersion in extruded 
products(85,86,87) , examining the distribution of pigments in polymer 
matrices(88,89) and measuring the mixture quality of coloured 
thermoplastics articles(45,90,91) . The technique has also been adopted in 
other fields such as measurements of carbon black particles in rubber and 
paint system(92,93,94) , fibre length distribution(95) and distribution of 
polymers lattices(96) . 
The instruments are comrnerically available in different names such as 
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System(Bausch and Lamb) , Microscan(Millipore) , Magiscan(Joyce 
Lobel Ltd.) , AMS(Analytical Measuring Systems) , and 
Optomax(Micromeasurements Ltd.). 
The Quantimet image analysing computer was selected in this work 
because of its broad functionality and advantages . 
The wide use of Quantimet techniques in various fields requires a standard 
procedures to follow in order to set up the instrument correctly. Artificial 
standard slides of different geometrical shapes and patterns has been 
proposed to detect instrument faults(97) . These slides can be used to 
check instrument resolution , camera sensitivity , illumination and 
measurements of area , particle count and size . Sturgess and 
Braggins(98) introduced criteria for assessing the applicability of various 
types of image analysis to specific problems . 
The design of this instrument has been progressed dramatically during the 
last decade and many improvements have been reported in setting and 
operating the instrument. 
4.2 - The principles of the Quantimet 
The" Quantimet " (image analysing computer) was used throughout this 
work as shown in Fig 4.1 . The Quantimet is basically a television 
scanning device which can analyse a microscope image directly or by 
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means of an epidiascope using micrographs. 
The image is received in a television camera. The camera output of the 
Quantimet is displayed on a monitor and also fed into an electronic 
detector which responds to changes in output voltage as the scanning spot 
in the Vidicon tube passes over features of different optical density. The 
detection threshold may be set to record the desired features of either a 
light or dark phase . The contrast of the microscope image is an important 
factor. High contrast images are preferable because background noise can 
be readily eliminated and not recorded. The output of the detector passes 
into the computer where the various functions of the Quantimet are 
displayed on the monitor to analyse the features quantitatively. A simple 
block diagram illustrating the examination procedure for a specimen is 
shown in Fig 4.2 . 
The Quantimet can measure any geometrical feature of the image structure 
provided that it is well-defmed , i.e features should be homogeneous in 
colour and density and can be detected with respect to other features and 
background and not overlapping , touching or ambiguous as illustrated in 
Fig4.3 . 
4.3 - Detection method 
Detection is the process of distinguishing between the desired features and 
the rejected features in a field of view (or between the image detail and the 
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background) . The process is carried out on the basis of whether a 
particular feature is lighter or darker than a chosen threshold level or 
between two such levels which may lie anywhere between black and 
white . The detector receives the video signal from the scanner via a 
system control where it is compared with two reference levels set by the 
computer. The feature is detected when the video level is between these 
reference levels. The detector has to defme the boundaries of measured 
features and the required degree of accuracy will influence the choice of 
detector. The auto detectors are easier to operate , since the edges of the 
feature can be sharply defmed by the auto delineator. The auto delineation 
process accurately determines the boundary or transition point between 
two adjacent phases as shown in Fig 4.4 . The detector has to overcome 
imperfections in the video signal fed to it . The video signal is affected by 
many factors such as imperfect specimen focus, finite optical resolution 
and deficiencies in specimen preparation. 
The variations in the detection level could very well affect the fmal results. 
Errors arising from the detection procedure can be reduced by the use of 
the .. Flicker .. method which is based on sequential comparison of the 
scanner(analogue) image with the detected video. This is done by 
adjusting the detected display to have the same brightness as the analogue 
display. The threshold setting procedures are very important in detecting 
the features correctly. Detection video signals representing the chords of 
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detected features are fed to the standard analyser which can compute 
parameters of area and intercept. A feature is correctly detected when the 
threshold level is such that the edges of the feature intercept the scan line at 
their half- contrast points as illustrated in Fig 4.4 . 
4.4 - Fjeld data measurements usjng the Quantimet 800 
4.4.1 - Frame measurement 
Detection and measurement of data takes place within defined boundaries 
called frames. Detection is made within an area known as the " blank " 
frame and measurements in the " live " frame . The size of the blank frame 
is 688 x 880=605440 picture points(pixels) . The area between the blank 
and live frames is called the guard region as shown in Fig 4.5 . The guard 
region plays an important role in counting of features, it prevents frame 
edge errors caused by the edge of the frame cutting through some 
features(which would then appear in two consecutive frames and be 
counted twice ) also it enables correct sizing of features which intersect the 
live regions' edge. 
4.4.2 - Area 
The area is the total number of detected picture points in the field(live 
frame) . The actual area which is measured in absolute units e.g J.UI1 can be 
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obtained by applying a calibration factor in the software programe . Area 
can be expressed either as a percentage of total frame area usually called " 
undispersed area " or as a percentage of the total particle count which is 
called the " average area " . 
4.4.3 . Intercept 
The Quantirnet can scan features horizontally or vertically. The horizontal 
intercept is defined as the number of intersections of scan lines with the 
trailing edges of the detected regions or as the number of chords formed 
by scan lines crossing the detected regions. The vertical intercept is the 
number of intersections of the upward-facing edges of features with the 
vertical lines of the picture point matrix. The Quantimet sums the total 
number of such intersections occuring within the live frame . The 
horizontal intercept is equivalent to the projected height of the detected 
feature while the vertical intercept represents the projected width. The 
horizontal intercept is a vertical measurement of the projected height of the 
feature plus the vertical depth of any re-entrants . The vertical intercept is 
the orthogonal equivalent as shown in Fig 4.6 . The ratio of horizontal 
intercept to vertical intercept is called the " anisotropy "(HWl) and this 
can be used to define the orientation of features in plastic moulding flow 
lines. Chord sizing of features can be obtained from the measurement of 
horizontal intercept to selected chords which are longer than a given 
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length. The distribution of chord lengths can be produced by measuring 
intercepts at various chord size settings . These are less prone to error due 
to agglomeration of particles than straight forward number/size 
distributions and so may be more suitable for describing image detail 
which does not exist as separate features . 
4.4.4 - Count 
This is defined as the number of features per field or per unit area . 
Counting(non-dimension quantity) may be made subject to a wide variety 
of size, shape and texture tests, so that only a required kind of feature is 
counted at any time . 
4.4.5 - Grey level distribution 
Grey level is defined as the number of shade level(light intensities) of 
feature between black and white levels . 
The Quantimet instrument is capable of detecting 64 levels of grey from 
O(pure black) to 63(pure white) . For each pixel in the scanning field of 
the video camera a grey level value is assigned. The output is in the form 
of a distribution of area versus grey level. The grey level analysis consist 
of a determination of all the pixels corresponding to each grey level class 
interval and converting these sums into an area distribution. The grey level 
is useful parameter in the analysis of multiphase materials where it is 
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unreliable to use a fixed threshold. 
4.5- Image amendment 
The amendment of image detail is an important feature of the Quantimet 
800 . The amendment process was used to separate interconnected features 
using the technique of" erosion" (contraction of the image detail) and 
close features to be agglomerated using the technique of "dilation" 
(expansion of the image detail) . The process operates automatically at the 
system scan speed. The amendment process can be carried out in two 
stages. This enables interconnected features to be separated for individual 
measurement by the technique of" opening". The image is first eroded to 
eliminate narrow detail, then subsequently dilated to regain its original 
size. There is also an alternative technique called " closing" , by which 
clusters of features may be joined together into single groups . The image 
is first dilated until the individual features touch and then eroded until the 
groups regain their original size . A schematic geometry of erosion and 
dilation processes is shown in Fig 4.7. 
4.6- Errors arising from the Quantimet instrument 
The image analysis results depend on many factors such as sample size, 
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sample preparation and sample method. The preparation of sample is a 
dominant factor and can contribute to a large error in the results . 
The chosen method is critical in focusing small particles because in-focus 
depth of field decreases at high magnifications. This effect is less critical 
in the measurement of agglomerations as was the case in this work where 
small particles that were less than 8 J.l.m were not measured i.e particles 
larger than the primary particle . The principal source of errors in the 
Quantimet method is in setting up the threshold procedures . The final 
results are largely influenced by the variation in the threshold setting and 
almost certainly different operators could change the setting procedure of 
the threshold for a particular field view . It is difficult for an operator to be 
consistent in setting the threshold for a period of time . 
There are variables which can contribute to measurement errors such as 
variation in detection procedure, unevenness of illumination caused by 
misalignment of the optical system or partly burnt out bulb, variation in 
frame size and variation in camera sensitivity as a result of changing 
microscope objectives and magnification. Three principal sources of 
errors associated with the Quantimet technique have been proposed(85) as 
follows. 
1- The design of the instrument : which includes low level of 
discrimination between particles which touch or overlap; and low overall 
optical range(the difference between the smallest and the largest particles 
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which can be detected at any particular magnification) . 
2- The adjustment and use of the instrument: which includes many 
variables such as sample illumination ; threshold setting ; detection ; 
computer resolution; and camera sensitivity . 
3- The nature of the material being examined: where errors may arise from 
the presence of dust and other impurities in the sample. 
Some errors discussed above have been eliminated in the modem design 
of the instrument such as the use of the " erosion" technique to separate 
interconnected features . 
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EXPERMENTAL PROCEDURES 
5.1- Objective 
The main objective of mixing in polymer processing is to achieve uniform 
distribution of additives in the mixture. The assessment of mixture quality . 
is essential to any investigation of mixing process . However , the 
experimental difficulties in measuring mixture quality are considerable, 
particularly in continuous monitoring of the compounding process. Most 
methods used to characterize the mixture are either difficult to relate to the 
actual state of the mixture or only apply to some simple situation. The 
study of mixing in injection moulding machines has largely developed 
from the screw mixing theory in extrusion where the mixing is carried out· 
by the plasticating screw. The mixing process in injection moulding can 
be improved by two methods. The first is to improve the design of the 
plasticating screw to suit the mixing requirement or , alternatively, apply 
mixing sections of various shapes to standard screw . This approach 
radically affects the mixing performance but requires high capital 
investment. The second method involves optimising process conditions 
such as back pressure , screw speed, and melt temperature. 
Against this background , the present research work is carried out to 
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achieve the following objectives: 
1- To investigate the effect of moulding conditions and process variables 
on the dispersion and distribution of pigmented masterbatches in 
commonly used plastics such as polypropylene(pP) , high density 
polyethylene(HDPE) , and linear low density polyethylene(LLDPE) . The 
conditions chosen for investigation were back pressure , screw speed, 
and melt temperature . 
2- To develop a practical technique for characterizing the mixture quality 
of the moulded products . The Quantimet image analysing computer 
technique was selected for this work. 
3- To study the effect of the selected mixing variables on the rheological , 
thermal and mechanical properties of the various polymers . 
4- To compare the degree of mixing of the various polymers blended with 
the red and brown masterbatches . 
5- To characterize the distribution of pigmented paste in thin moulding 
products using an alternative technique of examination called the 
"Microviewer" method. 
5,2 - Techniques used to assess the quality of the final 
products 
In this work different techniques were initially assessed for their 
effectiveness in quantifying the quality of the moulded products . These 
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techniques may be described as follows . 
5.2.1 - Contact Microradiography 
Contact Microradiography (or X-ray Radiography) is a non-destructive 
method of examination which has been used medically and industrially for 
studying pigment dispersion in thermoplastics. 
This method is an alternative technique to the use of the transmission 
electron microscope . A thin section of the moulded sample was fixed 
against a high resolution photographic emulsion plate which then exposed 
to X-rays. The micrographs obtained can be used to examine the pigment 
dispersion in the moulded sample . This technique was not reliable 
because a large number of sections were required to examine each sample . 
Also there were problems associated with the micrographs obtained from 
each sample which had to be compared with each other to distinguish 
between good and poor dispersion . 
5.2.2 - Laser Diffraction Particle Sizer 
In this technique the particle size was examined by suspending a small 
specimen of the moulded sample in a solution. The solution was exposed 
to a beam of laser-rays and the scattered angles produced were then 
measured. Each scattered angle corresponded to a particular particle size. 
This technique was found to be only valid for particle size measurements 
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larger than 1 ~ where the laser beam pentrated the sample to assess the 
particle size. This method was not considered further for the current 
work because of its limitations and its inability to examine the distribution 
of the particles. Also suspending the sample in the solution was difficult 
to achieve. 
5.2.3 - Microdensitometer 
This method is based on exposing the sample to a light beam to measure 
the variation of the light intensity across the sample. A thin section of the 
moulded sample was scanned by a light beam and the variation of the 
beam intensity was then plotted along the length of the sample . Many 
disadvantages were found to be associated with this method such as 
inaccurcy , the requirement for a large numbers of sections to represent 
the sample, and the difficulty of comparing the variation of light intensity 
of these samples with each other. 
5.2.4 - gamma Radiography 
The principles of this method are similar to that of the microdensitometer. 
The gamma beam was focused on the sample to measure the variation in 
the intensity of the gamma radiation across the sample. The disadvantages 
of this technique were found to be similar to those of the 
54 
microdensitometer method. One advantage is that the gamma beam has 
higher energy than the light beam of the microdensitometer and so it can 
pentrate thicker samples. 
5.2.5 - Image Analysis 
This method was used to quantify the dispersion and distribution of 
pigmented masterbatches in the polymer matrix. Thin sections were 
prepared from the moulded samples and examined by the Quantimet image 
analysing computer . This technique has been used throughout this 
current work and was selected in competition with the other methods 
because of its various advantages such as reliability , rapid means of 
assessment and reproducibility . 
5.3- Selection of raw materials 
It was decided to select and study some of the more commonly used 
polymers in the plastics industry to assess the effect of colouring (using 
pigmented masterbatches) on their final quality and performance. These 
materials chosen were as follows . 
PolY.PI'O.Pylene 
Polypropylene(pP) copolymer grade(GXM38) produced by lel was used 
in this study . This polymer is a copolymer of polypropylene and 
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ethylene. The addition of ethylene is mainly to improve the impact 
resistance and rigidity properties. Table 5.1 shows the technical properties 
of this polymer. 
High density polyeth,ylene 
High density polyethylene(HDPE) grade(16065E) produced by DOW 
Chemicals was selected for this work . Its mechanical and thermal 
properties are given in Table 5.1 . 
Linear low density polyethylene 
Linear low density polyethylene(LLDPE) copolymer grade(1258) 
produced by DSM was used in this study . This material consists of 
polyethylene and butene . Typical properties of this material are given in 
Table 5.1 . 
Pigment MasteIbatches 
Red pigment(260MB) and brown pigment(440/5MB) masterbatches 
produced by MERCURY Plastics were selected and subsequently blended 
with the selected polymers at a level of 1 % by weight. This amount was 
recommended by the supplier and normally used in the plastics industry . 
The base polymer in these masteIbatches was low density polyethylene . 
5.3.1- Moulding technique 
Fundamentally , all processes of moulding are similar, however , the 
ways of introducing the material into the mould distinguish one technique 
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from another. The basic processes are compressIOn , transfer and 
injection. The latter process was selected due to its frequent use in the 
plastics industry . The injection moulding is a cyclic process which 
produces formed articles. The process involves plasticating the moulding 
materials and injecting it under pressure to a cold mould, cooling under 
conditions of near constant mass and volume, where it solidifies in the 
shape of the cavity . 
A series of experiments were undertaken on a 55 tonne Negri-Bossi NB55 
injection moulding machine of the specification given in Table5.2 . 
5.3.2 Samples preparation 
Moulded plaques were produced by the injection moulding machine in 
accordance with the operating conditions given in Table 5.3 . The virgin 
polymers were blended with 1 % by weight pigmented masterbatches 
before loading the materials into the hopper. The moulding cycle was run 
for 30 minutes to allow the process reach its steady state conditions . A 
certain number of shots were discarded before sampling . This is mainly 
to ensure that the moulded materials experience the intended effects after 
each change in operating conditions. The operating conditions selected for 
investigation in the present study were back pressure , screw speed , and 
melt temperature. These variables play an important part in controlling the 
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final quality of the fmished product. One parameter was varied while the 
other two were held fixed for each run in order to investigate its effect on 
the quality of the finished product . The back pressure increased and 
examined up to its maximum value of 140 bar at a constant screw speed of 
260 r.p.m . The screw speed was varied from a minimum value of 10 
r.p.m to a maximum value of 260 r.p.m at zero back pressure. The melt 
temperatures were increased as follows : 
polypropylene from 240 QC to 290 QC, high density polyethylene from 
210 QC to 270 QC, and linear low density polyethylene from 190 QC to 
250 QC . The above temperatures represent the actual melt temperatures 
taking into consideration the difference between the setting temperature of 
the barrel and the actual melt temperature in the barrel. 
5.3.3 - Thin film preparation 
The microtomed sectioning technique proved to be a rapid means of 
sample preparation which produced optical contrast suitable for image 
analysis. The plaques selected were cut from the central region by band 
saw to obtain small strips at 20mm intervals along the centre line of the 
plaque as indicated in Fig 5.1. Thin film of 10 J.UU thick were produced 
from these strips using a standard sledge microtome as shown in Fig 5.2. 
The microtomed sections produced were placed between a glass 
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microscope slide and a cover slip mounted in canada balsam liquid for 
microscopical analysis. The sections obtained had uniform thicknesses 
and were free from the marks usually consistent with knife-edge 
imperfections (longitudinal m~) or judder(transverse marks) . 
The number of sections microtomed from each plaque , and the size of 
these sections , were important factors to represent the sample 
statistically. The smaller the area of the section produced, the lower its 
statistical significance and hence no vital conclusions could be drawn 
from it. 
Plaques of polyp ropy le ne and high density polyethylene were sectioned at 
room temperature while linear low density polyethylene sections were 
produced at a temperature of -80 QC using carbon dioxide to prevent 
ductile tearing . 
5.4- Polymer structure 
The polymers used in this work were examined by various techniques to 
study the effect of pigments on their microstructure and these are 
described in the following subsections . 
5.4.1- The Quantimet technique 
Quantimet 800 electronic image analyser(Cambridge Instruments) was 
adopted to quantify the amount of additives in the polymer matrix. The 
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basis concept of image analysis is to present an image of the specimen by 
the use of a television camera(scanner) . The resulting video signal was 
then analysed to obtain quantitative information about the structural 
characteristics of the specimen . The scanner receives the image and 
displays it on the video display unit. The video signals also pass to a 
detection circuit, in which individual particles , or particles within the field 
can be detected. These signals are processed through particle counting 
circuits in the central processing unit where various measurements of 
particle characteristics may be selected such as area, particle size, and 
chord length distribution. 
Experimental procedure followed to operate the Ouantimet 800 
The adjustment procedures for the Quantimet were carried out after 
warming up the instrument and loading the disc into the computer to run 
the main system programme . The procedures below were adopted to set 
the Quantimet for operation. 
1- The calibration of pixel(picture point) to f.lIll scale was automatically 
determined. The magnifications of the objective lens and the projection 
lens of the microscope were 10 and 2.5 respectively. 
2- The input peripheral was focused on a typical image field which was 
then directed to the scanner. 
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3- The sensitivity of the scanner was adjusted by a controller called a 
"meter swich" . This meter was used to adjust the brightness of the 
microscope lamp at value 1.0 and the sensitivity of the scanner at value 
0.3 . 
4- The brightness level was adjusted by varying the lamp voltage so that 
the controller of " high / low illumination" did not flash. This indicated 
that the scanner illumination levels were within the acceptable limits . 
5- A typical sample was focused and a controller of " shading corrector 
range" turned fully anticlockwise. The actual sample was replaced by a 
standard sample( a blank field on the actual sample was used as a standard 
sample) . 
6- The " meter switch" was adjusted again at value 1.0 for the lamp 
brightness and at value 0.3 for the sensitivity. 
7- The controller of" shading corrector range" was turned fully clockwise 
followed by pressing the " set shading" controller to load the shading 
corrector memory(it rests after awhile) . 
8- The shading pattern was examined by inspecting the detection level 
from pure black to pure white(0-63 levels) . 
9- The controller of" shading corrector range " was turned again 
anticlockwise , a little at a time . This was followed by pressing the 
controller of ft. set shading " after each change in the " shading corrector 
range " controller. The shading pattern was then checked until further 
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reduction made it impossible to correct the whole image. This ensures the 
smoothest possible correction. 
10- The standard sample was replaced by the actual sample to be 
measured. 
Analysis of samples then commenced. 
Measurements of piwents dispersion and distribution 
The microtomed sections of polypropylene , high density polyethylene , 
and linear low density polyethylene were examined using the image 
analyser to measure the dimensions of the pigment particles in the 
polymer matrix. The minimum particle size measured was set to 8 J..lm in 
order to avoid error in measuring particles close to the resolution of the 
image analyser. The following parameters were measured cumulatively 
for 100 fields ofview(frames) per section. 
1- Undispersed area (%) - Total area of pigment agglomerates expressed 
as a percentage of frame area. This is related to the dispersion of pigment 
in the polymer matrix . 
2- Total particle count. 
3- Average area (mm2) - Area of pigment agglomerates averaged over 100 
fields of view measured in respect of total number of particles in the 
frame area. 
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4- Standard deviation of average area - The distribution of average area 
measurements which allows calculation of standard deviation . This is 
related to the distribution of pigments in the polymer matrix. 
5- Particle size distribution - Measurement of cumulative frequency 
distribution of pigment chord length which represents the maximum 
dimension across the agglomerate . 
6- Horizontal intercept HI - The projected height of streaks . 
7 - Vertical intercept VI - The projected width of streaks. 
8- Anisotropy (HI/Vl) - The measurement of alignment of streaks in the 
flow(horizontal) direction compared with that in the prependicular(vertical) 
direction. 
5.4.2- Scanning electron microscopy 
Scanning electron microscopy(SEM) is a popular technique for examining 
the surface structure of bulk specimens . It offers many advantages over 
the optical microscopy technique as it provides a three dimensional images 
and a greater depth of field and focus . 
A Steroscan-360(Cambridge Instruments) scanning electron microscope 
was used to examine the surface structure of the masterbatches used in this 
study. Two methods of sample preparation were adopted to assess the 
particle size of the red and the brown pigments and their distribution in the 
carrier polymer. The first method involved using xylene as solvent to 
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dissolve the carrier polymer and then centrifuging separate the pigment. 
The pigment was then dried and examined under the SEM . The second 
method of sample preparation involved assessing the distribution of the 
pigment particles in the polymer carrier. This was done by examining a 
small piece of masterbatch granule without dissolving the carrier polymer. 
5.4.3 - X-ray diffraction 
The X-ray diffraction technique is useful for investigating the ordered 
arrangments of atoms and molecules present in a solid substance . It is 
usually applied to the assessment of additives, fillers, and contaminants 
in polymers . It is also a rapid and non-destructive method for 
determining the elemental composition of materials . 
The material elements can be determined by Bragg's law as follows. 
A. = 2d sin9 ------------------- (5.4.3.1) 
where A. =wave length of the X-ray(1.542 nm) 
9 = Bragg's angle 
d = spacing of plans in a crystal 
The diffraction angle(i.e Bragg angle) 29 can be obtained directly from 
the recorded chart( a plot of X-ray intensities versus 29 ) . The spacing-d 
of various plans in a crystal was determined from the above equation and 
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listed according to the highest peaks recorded. The values of spacing-d 
obtained were then compared with standard diffraction powder data in 
order to identify the material elements and their compounds . 
Philips-DX-GO X-ray equipment was used in this study to characterise the 
chemical structure of the red and brown pigments . 
The equipment was operated under the following conditions . 
Target = copper 
Voltage = 40Kv 
Current = 30mA 
Time constant = 1 sec 
Chart speed = 2°mm/min 
Count full scale = 2000cp 
Scatter slit (S) = 1° 
Recovery slit (R) = 2° 
Divergence slit (D) = 10 
5.4.4- Gel permeation chromatography 
Gel permeation chromatography(GPC) is a technique used to determined 
molecular size can then be related to molecular mass ,for known fractions 
of polystyrene , via the Mark-Houwink equation. The molecular mass of 
other polymers can then be determined using the appropriate 
65 
Mark-Houwink constant. Using this method the molecular weight 
distribution may be determined from the molecular size distribution. 
Principles of GPC 
In GPC mixtures of soluble organic species are separated into their 
different sizes. The separation occurs in the GPC column which is packed 
with a gel of porous cross linked polystyrene . The columns are 
maintained saturated with solvent which flows through continuously. 
When a polymer solution passes through the column the dissolved 
molecules separate according to their size . Small molecules enter the pores 
in the gel whilst larger molecules can not and hence passed through the 
column more quickly. Fig 5.3 illustrates the separation of the different 
sizes of polymer molecules. The dwell time of each species in the column 
is measured from the injection point and from the quantity of solvent 
emerging from the column . 
Experimental procedure 
Gel permeation chromatography was used to examine the effect of 
masterbatch pigments on the molecular weight distribution of 
polypropylene samples. 
The GPC system at RAPRA Technology Ltd was operated under the 
following conditions . 
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Solvent: 1,2 Dichlorobenzene, stabilized with 2,6 
Di-Tert , Butyl-P-cresol 
Flow rate: 1.0 ml/min 
Temperature : 140 0 C 
Calibration : polystyrene 
5.4.5 - Stress-strain properties 
Testing of moulded" dumb-bell " test pieces was carried out using a JJ 
tensile testing machine of Model T5002 , (JJ LIOYD Instrument Ltd) in 
conjunction with an x-y plotter(pl 100 of JJ) .The details of the machine 
set up were as follows. 
Testing speed: 70mm/min 
Load cell : 2000 N - For polypropylene and high 
density polyethylene 
500 N - For linear low density polyethylene 
The tensile strength at yield was determined by taking the force at the yield 
point and dividing it by the initial cross sectional area of the "dumb-bell " 
test piece . The value was calculated as follows. 
Force at yield 
Tensile strength = ------------------------------ ------------ (5.4.5.1) 
at yield Initial cross-sectional area 
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Elongation at break was also calculated by subtracting the initial distance 
between the reference lines on the " dumb-bell " test piece from the 
distance between the lines at breaking point and expressing the result as 
percentage of the initial distance . The value was calculated as follows . 
% Elongation = 
at break 
Final length - Initial length 
Initial length 
5.5 - Capillary rheometry 
x 100 ------ (5.4.5.2) 
The capillary rheometer is a very popular instrument for its wide range of 
shear rates over which polymer materials can be evaluated. 
Principles of capillaty meometer 
The use of a capillary rheometer involves extruding a volume of material at 
fixed rate under controlled temperatures. Fig 5.4 illustrates the basic 
working principles. The polymer may be typically charged into a heated 
barrel and left for approximately 15 minutes to preheat before extrusion. 
The ram may then be forced down at a constant rate against the polymer 
melt in the barrel. The pressure developed is then measured by a pressure 
tranducer and recorded on a calibrated chart recorder. 
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Shear rate( y) and shear stress( 't) are calculated using Poiseuille 
equations as follows . 
Shear rate( y )(sec-1) = 4Q /1t r3 ---------------- (5 5 1) .. 
where Q= output rate= p R2 v 
r= radius of die, m 
R= radius of ram 
v= velocity of ram 
Shear stress ('t) (KN/m2) = ~p r /2L -------------- (5.5.2) 
~p= pressure on the barrel 
L= length of die 
The melt viscosity is calculated as follows . 
11 (N/m2.s) = 't / Y -------------- (5.5.3) 
't = shear stress 
y = shear rate 
Experimental procedure 
The Davenport extrusion rheometer was used in this study to determine the 
melt properties of the various polymers studied under the following 
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conditions . 
( 
Die radius = 0.05mm 
Die length = 60mm 
Ram radius = 9mm 
Ram speeds(cm/min) = 1,2,5,10,15 
Extrusion temperatures : 
Polypropylene 170 - 280 QC 
High density polyethylene 150- 270 QC 
Linear low density polyethylene 150 - 230 QC 
Masterbatch pigments 150 - 230 QC 
5.6 - Melt flow index 
Melt flow index(MFI) is a measure of the gravimetric flow rate of a 
polymer melt extruded from a die of specified length and diameter under 
prescribed conditions of temperature and.pressure . Thus this method may 
be regarded as a simple rheometer operating at a condition of low shear. 
Basically the apparatus is a dead-weight extrusion plastimeter consisting of 
a thermostatically controlled heated cylinder with a die situated at the lower 
end, and a piston operating within the cylinder which can be loaded with 
suitable weights to give the correct load for the material under test. 
The melt flow index provides a useful indication of the relative ease with 
which different polymers will flow when they are fabricated. Hence 
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higher values of" MFI " indicates easier melt flow. In injection moulding 
where high shear rates are involved, high" MFI " is generally chosen. 
The melt flow index of polypropylene , high density polyethylene and 
linear low density polyethylene and their compounds were determined 
using a Davenport melt indexer. " MFI " was calculated as follows. 
M.F.I (g/lOmin) = IOW IT --------------- (5.6.1) 
where W= average cut-off weight(g) 
T= extrusion time per cut-off(min.) 
5.7 - Differential scanning calorometry 
Differential scanning calorometry(DSC) is one of the thermal analytical 
techniques widely used for the characterization of polymers. 
Principles of DSC 
The basic working principle of DSC is to maintain the temperature of the 
sample and reference material at the same level and measure the rate of heat 
flow into each. The instrument has a differential thermocouple arrangment 
consisting of two thermocouples wired in opposition. One thermocouple 
is placed in a sample of the material to be analysed , whereas the second 
one is placed in a reference material , which has been selected so that it 
will undergo no thermal transformations over the temperature range being 
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studied. When the temperature of the sample equals the temperature of the 
reference material the two outputs are zero . At this point there is no 
change in the heat capacity of the sample . As the controlled heating 
proceeds, the sample thennocouple continuously monitors changes in the 
heat capacity of the sample, which are recorded as a thennogram . This is 
usually a plot of temperature differential, DT as a function of either time 
or temperature. DT is proportional to the heat flow(m.cal/sec/in) into or 
out of the sample with respect to reference. Sample heat capacity changes 
whenever the temperature reaches a point where it causes a change in the 
organization of the molecules in the sample. Such detectable changes are 
called thennal responses or thennal transition. 
Experimental procedure 
Differential scanning calorometry ( Du pont 2000 )instrument was used to 
detennine the melting and crystallisation temperatures of the polymers 
used in this study . 
The operating conditions of the instrument were as follows . 
Heating and cooling rate = 10 QC Imin 
Heating temperature = 200 QC 
Sample weight = 12.4 mg 
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5.8- Assessment of pigment distribution using the 
Mjcroviewer method 
The distribution of pigment in thin mouldings was assessed by measuring 
the grey level(light intensity between black and white levels) of the sample 
pigment distribution produced on a high contrast photograph . This 
technique of examination is called the "Microviewer" method. It is based 
on scanning the sample or micrograph directly using a system camera. 
The image obtained is projected onto a television screen to be analysed 
quantitatively . 
5.8.1- Sample preparation 
Rectangular thin pieces of size 230 x 180 x 1.1 mm3 were produced by an 
injection moulding machine. The virgin polymer of linear low density 
polyethylene was blended with liquid paste colourant at a level of I % by 
weight at the hopper of the injection moulding as shown in Fig 1.1 . The 
experiments were carried out by the ADDIS Co. to prepare the required 
samples . The technical properties of linear low density polyethylene 
grade(1258) used in this study are given in Table5.1. The operating 
conditions selected for this investigation were back pressure and screw 
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speed. The effect of these conditions on the pigment distribution of the 
moulded product were examined. The back pressure was increased to its 
maximum value of 140 bar at constant screw speed of 260 r.p.m . The 
screw speed was varied from 10 r.p.m(min.) to a maximum vaule of 260 
r.p.m at zero back pressure. 
5.8.2- Photographic process 
The moulded samples selected were photographed using photographic 
contact paper(Kodak polyprint RCN4) in accordance with the following 
conditions . 
Aperature system selected 16 
Exposure time 28 sec 
Developing time 2 minutes 
Developing temperature 22°C 
Fixer time 10 minutes 
These conditions were held constant for all samples during the 
photographic process. The quality of the printout is mainly influenced by 
these conditions . 
The exposure time is very important factor in the photographic process 
because contrast of the printout is largely dependant on it . The exposure 
time used in this study was determined by making a series of trial 
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exposures , i.e test strips in order to obtain the correct value of the 
exposure time. The exposure time selected was made to lay within the 
linear region of the characteristic curve as illustrated in Fig 5.5 . 
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RESULTS AND DISCUSSION 
The broad objectives of the current research work have been described in 
chapter 5 (section 5.1) and the following description of the results and 
their interpretation in order to reach these objectives combined together for 
simplifying . 
6.1- Polymers properties 
6.1.1- Effect of molecular weight and its distribution 
The molecular weight distributions of virgin polypropylene and a 
polypropylene compound containing 1 % red and 1 % brown masterbatches 
were determined. The chromatogram of the virgin polypropylene obtained 
from the ope instrument is given in Fig 6.1 . The results are tabulated 
and are shown in combination with the chromatogram in Fig 6.2 . The 
chromatogram of the polypropylene blended with 1 % red masterbatch is 
given in Fig 6.3 with the calculated molecular weight distribution shown 
in Fig 6.4 . Similarly the polypropylene blended with 1 % brown 
masterbatch is given in Fig 6.5 and its molecular weight distribution 
illustrated in Fig 6.6 . These results demonstrate that the molecular weight 
distribution of the compounded polypropylene(at 1 % addition level) does 
not vary significantly from that of the virgin polypropylene . Thus the 
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addition of masterbatch material is not having a measureable effect 
perhaps because the concentration is too low to produce separate peaks . 
6.1.2 - Masterbatches composition 
Various techniques have been adopted to characterise the composition of 
the masterbatches used in this work. These may be described as follows. 
1- Direct examination of the chemical compositions of the masterbatches 
were carried out using an X-ray analyser linked to a scanning electron 
microscope(SEM) . The chemical analysis of these masterbatches are 
shown in Figs 6.7 and 6.8 . It can be observed that the masterbatches 
contain elements of titanium, iron, and barium and the red masterbatch 
contains another element called cadimum . 
2- The X-ray diffraction technique was then adopted to further confirm the 
chemical analysis results obtained earlier for the red and the brown 
masterbatches . The main components observed were iron oxide(Fe203 ) . 
[6arium~ulphide(B~S04) and titanium dioxide(Ti02) . The level of these 
components were varied in the red and brown masterbatches(see Figs 6.7 
and 6.8) . 
3- The surface structure of these masterbatches were examined using a 
steroscan-360(Cambridge Instruments) scanning electron microscope. 
Two methods of sample preparation were adopted , the first method 
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assessed the agglomerate size of the red and the brown pigments using 
solvent(xylene) to dissolve and separate the carrier polymer from the 
pigments. The results are shown in the micrographs of Fig 6.9 . It can be 
seen that the brown pigment has larger agglomerates than the red pigment. 
Thus high shear energy is required during the mixing process to break 
down the large agglomerates of the brown pigment compared to the red 
pigment. 
The second method of sample preparation involved using a small piece 
cut from a granule of masterbatch as shown in the micrographs of Fig 
6.10 . The results show that the agglomerates distribution of the red 
pigment is more even than the brown pigment. 
6.1.3 - Mechanical properties 
The mechanical properties of test pieces prepared from virgin polymers 
used in this study were measured and compared with those containing 1 % 
by weight pigment masterbatches . The physical properties include 
polypropylene , high density polyethylene and linear low density 
polyethylene are given in Tables 6.1, 6.2 and 6.3 respectively. The 
results show that the tensile strength of these polymers are not affected 
when the back pressure and screw speed changed during the moulding 
cycle. However, the elongation at break of these polymers were found to 
fluctuate , without taking a regular pattern , when these operating 
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conditions were changed. 
It can be concluded that blending 1 % by weight pigment masterbatches 
with polypropylene , high density polyethylene and linear low density 
polyethylene has no effect on the mechanical properties of these polymers . 
This may very be due to the low level of the masterbatch(1 %) used. 
6.2 - Rheological properties 
Capillruy rheometer 
The melt viscosity of the virgin polypropylene , high density polyethylene, 
linear low density polyethylene and the red and brown pigmented 
masterbatches were measured at constant shear rate of 200 S-1 using a 
capillary rheometer as illustrated in Fig 6.1 I . The difference in the melt 
viscosities of these polymer may effect the mixing quality of the moulded 
products. Similarly the brown masterbatch was shown to have a higher 
viscosity than the red and hence may effect the dispersibility of the 
masterbatch pigments in the polymer matrices . 
The results shown in Fig 6.11 were extrapolated to estimate the viscosity 
of the polymers used in this study at the high shear rates likely to be 
experienced during the moulding process . 
The effect of high shear rate on the melt viscosity of polypropylene , high 
density polyethylene and linear low density polyethylene are given in Figs 
6.12,6.13 and 6.14 respectively. The results show decreasing viscosity 
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at high shear rate . It should also be noticed that the shear rate imposed on 
the melt at a particular temperature depends on the amount of shear stress 
introduced into that melt . The shear stress of these polymers were 
measured at various temperatures as shown in Figs 6.15,6.16 and 6.17 . 
Melt flow index 
The melt flow index of polypropylene , high density polyethylene and 
linear low density polyethylene were measured using the Davenport Melt 
Indexer. The melt flow index of these polymers and their compounds are 
given in Table 6.4 . The results indicate that the virgin polymers were less 
resistant to flow and therefore their melt flow indexes were lower but the 
difference compared with the compounded version was not significant. 
The data obtained from the capillary rheometer were used to compare the 
rheological properties of the polymers used in this study . However 
difficulties were encountered in correlating this rheological data to the 
actual injection moulding conditions . The results of the capillary 
rheometer were influenced by the following factors. 
1- Non-parabolic velocity profIle 
2- Influence of pressure on viscosity 
3- Influence of pressure on volume 
4- Influence of heat generation 
5- Slip at the die wall 
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6- Effect of strain distribution received by the material in capillary 
rheometry . 
These factors may contribute to errors in the fmal measurements. The 
viscosity was measured using a long die length to eliminate the wall shear 
stress corrections. These corrections are necessary to make allowances for 
energy consumption and generation outside the capillary itself . 
6.3- Thermal analysis 
The melt and crystallisation temperatures of polyp ropy le ne ,high density 
polyethylene , linear low density polyethylene and their compounds were 
measured using differential scanning calorometry(DSC) as shown in Figs 
6.18 to 6.26 . These thermograms demonstrate that the addition of the 
red and the brown masterbatches at a level of 1 % has no significant effect 
on the thermal properties of these polymers. The melting temperature of 
virgin polypropylene was increased from 152 QC to 155 QC ,high density 
polyethylene from 135 QC to 136 QC and linear low density polyethylene 
from 129 QC to 131 QC as a result of pigment addition. 
The crystallisation temperatures of these polymers given in Figs 6.18 to 
6.26 , were measured by cooling the sample at a constant rate to room 
temperature in order to examine the nucleation of pigment masterbatches . 
The crystallisation temperatures of virgin polymers were not considerably 
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different from their compounds , for example the crystallisation 
temperature of the virgin polypropylene is 116 QC while its compound is 
115 QC . This may suggest that no nucleation is taking place during the 
cooling process and consequently the effect of nucleation on the mixture 
quality of the moulded product may be negligible . 
6,4 • Effect of moulding conditions on the auaHy of the 
final products 
The mixing performance in the injection moulding machine can be 
improved to some extent by optimizing certain moulding conditions such 
as back pressure , screw speed and melt temperature . Theoretically , 
dispersive mixing can be improved by inducing a high magnitude of shear 
stress and deformation in injection moulding . On the other hand , 
excessive shear rates and shear stresses through the use of moulding 
conditions such as injection speed, back pressure, screw speed, mould 
temperature and barrel temperatures may lead to moulding defects such as 
flow marks, thermal degradation, over packing and frozen-in stresses. 
Therefore , the optimum operating conditions for mixing in injection 
moulding must be aimed to achieve the best possible mixing without any 
moulding defects . The degree of improvement in mixing depends on the 
size and features of the equipment used and the design of the screw 
employed. 
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The overall cycle time of the moulding process • from the production 
economy point of view. should be as short as possible; 
1- to cut the energy cost of production 
2- to make higher utilization of the moulding equipment. and 
3- to achieve higher production rates. 
The cooling time and the mould temperature are not expected to play any 
significant role in the mixture quality of the moulding. 
The effect of these moulding conditions on the quality of mixing are 
considered in the following sub-sections. 
6.4.1 - Effect of back pressure 
Back pressure or so called .. reaction pressure .. is the pressure which the 
screw extruder must exceed before it can move back during the 
plasticising cycle. The parameter of back pressure was selected in order to 
examine its effect on the mixture quality of the selected polymers using 
the image analysing computer method . The back pressure was varied 
from zero to its maximum value of 140 bar at a constant screw speed of 
260 r.p.m (max) • other conditions being held constant. 
6.4.1.1- Polypropylene + co loured masterbatches 
The dispersion and distribution of the coloured masterbatches in the 
polypropylene matrix were examined by the Quantimet technique. The 
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analysis results of the mixing performance are given in Table 6.5 . The 
degree of dispersion is expressed by two parameters namely "undispersed 
area"(area of pigment agglomerates measured as a percentage of frame 
area) and "average area"(area of pigment agglomerates measured in respect 
of total number of particles in the frame area) . These parameters are 
equivalent to Danckwerts scale of segregation( 49) . When the values of 
these parameters decreased , the degree of pigment dispersion showed 
improvement i.e the scale of segregation reduces. As given in Table 6.5 , 
the value of undispersed area of the red pigment at zero back pressure is 
22.3% and at 140 bar(max.) is 19.3% while the average area values are 
17.8 mm2 and 16.0 mm2 respectively . These results indicate that the 
dispersion of the red pigment improved as the back pressure increased. 
This is also the case for the brown pigment as can be seen from the results 
given in Table 6.5 . 
The distribution of pigments in the polypropylene matrix is represented by 
the parameter of standard deviation of the average area which is given in 
Table 6.5 as the coefficient of variation(the ratio of the standard deviation 
to the mean) . The coefficient of variation of the red pigment varied from 
12.9 to 9.1 while for the brown pigment from 14.1 to 10.2 as the back 
pressure increased from zero to 140 bar(max.) . These results show that 
the pigment distribution improves at high back pressure . 
The pigment particle size in the polypropylene matrix were assessed by the 
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distribution of chord lengths(maximum dimension across the pigment 
agglomerate) . The chord sizes of the red and brown pigments are 
illustrated in Fig 6.27 . The distribution represented indicates that the 
chord size decreased as the back pressure increased to 140 bar(max.) . 
The effect of back pressure on the mixture quality may be explained as 
follows. 
1- The use of back pressure has generated high levels of shear stresses and 
strains causing improvement in the dispersive and distributive mixing. 
2- The back pressure increases the residence time of the material inside the 
barrel and hence increases the mixing time of the material . 
3- The back pressure increases the pressure flow across the screw channel. 
Consequently the resultant velocity profile(a combination of drag and 
pressure flow) down channel increases . This is causing greater 
circulating of the material in the channel. 
4- Increasing the back pressure induces more shear heat into the material. 
This rise in temperature causing greater pressure flow in the channel(i.e 
greater circulating) . 
5- Pigments agglomerates have decreased in size as the back pressure 
increased as indicated by the decrease in the chord lengths distribution(see 
Fig 6.27) . This was mainly because the magnitude of shear stress 
generated during mixing was greater than the yield stresses of the pigment 
agglomerates and therefore sufficient to rupture these agglomerates into 
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fine particles. The earlier arguments of improving the mixture quality by 
applying high back pressure has been proved by Staub(l2) when he 
employed high back pressure to improve the quality of dispersion. This 
was also demonstrated by Lin and Bevis(45) and Barr(58) . 
6.4.1.2- High density polyethylene + coloured 
masterbatches 
The analyses related to the mixture quality of the high density 
polyethylene are given in Table 6.6 . On examining these results it can be 
observed that the degree of dispersion of both pigments represented by the 
undispersed area and average area improves at high back pressure. The 
undispersed area of the red pigment is 12.3% at zero back pressure and 
10.5% at 140 bar(max.) while for the brown pigment the undispersed 
area are 13.3% and 11.7% respectively. 
The distribution of these pigments in high density polyethylene matrices 
are represented by coefficients of variation(see Table 6.6) . The coefficient 
of variation at zero back pressure is 9.9 for the red pigment and lOA for 
the brown pigment while at 140 bar(max.) these vaules are 6.7 and 7.0 
respectively . These results demonstrate that the improvement occurs in the 
distribution of pigments as the back pressure increases from zero to its 
maximum value of 140 bar . 
The chord lengths distribution of these pigments are illustrated in Fig6.28. 
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The distribution shows that the frequency of pigment chord size at zero 
back pressure is higher than that at 140 bar. It is evident from these 
results that the back pressure plays an important role in the final quality of 
the product as explained in section 6.4.1.1 . 
6.4.1.3- Linear low density polyethylene + coloured 
masterbatches 
The effect of back pressure on the mixing performance of linear low 
density polyethylene is given in Table 6.7 . The undispersed area of the 
red and the brown pigments decreases as the back pressure increases to its 
maximum value of 140 bar. This indicates that the degree of dispersion of 
these pigments improves at high back pressure(see section 6.4.1.1) . The 
distribution of these pigments seems to be improved also at back pressure 
of 140 bar as given by the measurements of the coefficient of 
variation(see Table 6.7) . The chord lengths distribution of both pigments 
are illustrated in Fig 6.29 . The chord size of these pigments indicates that 
finer particles are produced under high back pressure conditions . 
6.4.2 - Effect of screw speed 
The screw speed(backward rotation speed) was varied from 10 
r.p.m(min.) to 260 r.p.m(max.) at zero back pressure while other 
conditions were held constant. The effect of screw speed variation was 
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studied for a variety compounds and these are described in the following 
sub-sections . 
6.4.2.1- Polypropylene + co loured masterbatches 
The effect of the screw speed variation on the mixing performance of 
compounded polypropylene is given in Table 6.8 . The "undispersed area" 
and " average area " , normally considered as measure for the degree of 
pigment dispersion , decrease as the screw speed increases . The 
undispersed area of the red pigment at a screw speed of 10 r.p.m(min.) is 
24.6% and 22.3% at 260 r.p.m(max.) while these values are 25% and 
23% for the brown pigment at the same screw speed. 
The distribution of the pigments represented by the coefficient of variation 
seems to improve as the screw speed increases. The values of coefficient 
of variation of red pigment at 10 r.p.m and 260 r.p.m are 17.1 and 12.9 
respectively. The chord lengths distribution of pigments are illustrated in 
Fig 6.27 . The chord sizes of the red and brown pigments decreased when 
the screw speed increased from a minimum(10 r.p.m) to a maximum(260 
r.p.m) value. 
The results of the dispersion and distribution of both pigments in a 
polypropylene matrix indicates that a high screw speed seems to be more 
effective and produce better quality products than at low screw speeds . 
The effects of the screw speed on the mixing quality may be described as 
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follows. 
1- High screw speed generates shear strain and hence improves the 
distributive mixing(7) . 
2- Increasing the screw speed has raised the melt temperature and 
consequently increased the pressure flow causing greater circulation of the 
mix in the channel . 
6.4.2.2- High density polyethylene + coloured 
masterbatches 
The results representing the fmal quality of the high density polyethylene 
product are given in Table 6.9 . These results demonstrate that the 
dispersion and distribution of the pigment improves at high screw 
speed(see section 6.4.2.1) . At minimum screw speed i.e 10 r.p.m the 
undispersed area and average area for the red pigment are 14.1 % and 13.4 
mm2 while at maximum screw speed(260 r.p.m) these values are 12.3% 
and 12.0 mm2 respectively. The coefficient of variation values at 10 r.p.m 
and 260 r.p.m are 14 and 9.9 . The above argument also applies to the 
brown pigment. 
The effect of the screw speed on the chord size measurements of pigments 
are shown in Fig 6.28 . The chord size of the red and brown pigments are 
smaller at high screw speed . 
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6.4.2.3- Linear low density polyethylene + coloured 
masterbatches 
The factors related to the mixing performance of linear low density 
polyethylene are given in Table 6.10 . At minimum screw 
speed(10r.p.m)the undispersed area of the red pigment is 8.6% and 7.4% 
at 260 r.p.m (max.). The coefficient of variation are 10.1 and 6.1 
respectively. The above results show that some improvement in the 
degree of mixing took place as a result of employing high screw speed(see 
section 6.4.2.1) . This also can be deduced from the chord lengths 
distribution given in Fig 6.29 . The chord sizes of red and brown 
pigments decreased as the screw speed increased. 
6.4,3- Effect of melt temperature 
The melt temperatures of polypropylene , high density polyethylene and 
linear low density polyethylene were increased from their normal 
processing temperatures of 240 °C ,210°C, 190°C to high temperatures 
of 290 °C , 270°C and 250°C respectively. The temperatures selected for 
these materials must not cause thermal degradation during processing. 
The effect of increasing the processing temperature on the mixture quality 
of the polymers studied is described in the following sub-sections , 
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6.4.3.1- Po Iypropylene + red pigment masterbatch 
The effect of melt temperature on the mixing performance of 
polypropylene blended with red masterbatch is given in Table 6.11 . The 
undispersed area at zero back pressure is 20.8% and 16.1 % at 140 
bar(max.) while the coefficient of variation are 11.1 and 8.7 respectively at 
the same back pressures . Comparing these with those measured at normal 
processing temperature given in Table 6.5 it can be observed that the 
quality of the final product produced at high processing temperature(290 
QC) is better than that produced at normal processing temperature 
(240 QC ) . The chord lengths distribution of the red pigment is given in 
Fig 6.30 . As it can be seen, the chord size of the pigment decreased at 
high temperature (290 QC) when compared to that at 240 QC given in 
Fig6.27. 
The improvement in the mlxmg performance at high processing 
temperature may be attributed to a number of factors . 
1- The mixture uniformity improves as the barrel temperatures increases 
causes a decrease in the mix viscosity and hence less energy is required to 
disperse the pigment agglomerates in the polymer matrix(58) . 
2- Increasing the barrel temperatures produces larger melt zone towards 
the feed hopper and consequently greater screw length in which melt 
mixing can occur . 
3- Increasing melt temperature increases mix pressure flow which in turn 
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causes greater circulation of the material inside the channel and 
consequently improves mix quality . 
6.4.3.2- High density polyethylene + red pigment 
masterbatch 
Results representing the mixture quality of the high density polyethylene 
are given in Table 6.12 . The undispersed area and coefficient of variation 
values at 290 QC given in Table 6.12 may be compared with those at 240 
QC shown in Table 6.6 and the results obtained show that the degree of 
dispersion and distribution of the red pigment were improved at high 
temperature(290 QC) as explained in section(6.4.3.1} . 
The chord lengths distribution illustrated in Fig 6.30 indicates that the 
chord size of pigments decreases at high processing temperature compared 
to the distribution at normal processing temperature given in Fig 6.28 . 
6.4.3.3- Linear low density polyethylene + red 
pigment masterbatch 
The results of .. undispersed area .. and .. coefficient of variation .. related 
to linear low density polyethylene are given in Table 6.13 . These vaules 
were measured at 290 QC(at back pressure=140 bar) and found to be 4.8% 
and 3.5 while at 240 QC they were 5.7% and 4.4 respectively(see Table 
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6.7) . These results demonstrate that employing high temperature(290 QC ) 
has a better effect on the mixture quality than producing samples at 240 
QC(see section 6.4.3.1) . The chord size of the red pigment was improved 
when the temperature increased from 240 QC to 290 QC as shown in Figs 
6.29 and 6.30 . 
6.5- Striation of the melt flow at the gate region 
During the filling stage of the cavity the melt flows from the gate into the 
cavity and spreads in a radial pattern . The flow pattern changes from a 
circular shape to an almost flat profile to fill the cavity . This may 
produced streakiness in the flow pattern at the gate region. The resultant 
pattern is almost disappears beyond the gate region . The Quantimet 
technique can quantify the streakiness pattern using the measurements of 
horizontal intercept, HI(projection height of streaks) and vertical intercept 
,VI(projection width of streaks) . The ratio of HINI is called 
"anisotropy" which measures the streaks alignment in both the flow 
direction(horizontal) and the perpendicular direction(vertical) . The streaks 
align in the flow direction when the anistropy is greater than 1.0 and in the 
perpendicular direction of the flow when the anistropy is less than 1.0. 
As the anistropy value approaches 1.0 the streaking becomes more regular 
in shape i.e circle , square , and hence the orientation of the streaks in 
horizontal and vertical direction are the same . 
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The striation within the melt flow of the polymers blended with the red 
masterbatch were examined at various operating conditions and the results 
are described in the following sub-sections . 
6.5.1- Polypropylene + red pigment masterbatch 
The streakiness of the melt flow within the compounded polypropylene 
measured at the gate region is given in Table 6.14 . The horizontal and 
vertical intercepts of the red pigment at zero back pressure are 7.6 and 3.3 
while at 140 bar(max.) they are 6.1 and 2.9 respectively. These results 
indicate that streak dimension (height and width) decreases as the back 
pressure increases from zero to 140 bar . This trend also applied to screw 
speed. The horizontal and vertical intercepts decrease at high screw speed 
(see Table 6.14) . The value of anistropy is greater than 1.0 , i.e the 
streaks are aligned in the flow direction. The flow patterns at the gate 
region of the polypropylene blended with the red masterbatch are shown 
in Fig 6.31 . These patterns indicate that the operating conditions have a 
noticable effect on the observed striation within the melt. The earlier flow 
patterns were compared with the patterns of the polypropylene blended 
with the brown masterbatch shown in Fig 6.32 . 
6.5.2- High density polyethylene· + red pigment 
masterbatch 
The striation within the melt flow of the high density polyethylene 
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measured at the gate region are given in Table 6.15 . The projected height 
and width of the streaks were found to be decreased at high back pressure 
and screw speed . The horizontal and vertical intercepts at zero back 
pressure are 4.1 and 2.3 and at 140 bar back pressure are 3.2 and 1.9 
respectively. These values change to 4.9 and 2.6 at minimum screw 
speed of 10 r.p.m . 
The ratio of horizontal and vertical intercepts(anistropy) is greater than 
1.0. This means that streak aligment is in the flow direction . 
The flow patterns at the gate region of the high density polyethylene 
blended with the red masterbatch are shown in Fig 6.33 and for the high 
density polyethylene blended with the brown masterbatch they are shown 
in Fig 6.34 . Comparing these flow patterns with those of the 
polypropylene given in Fig 6.31 it can be seen that the level of striation 
within the latter is more than that within the former. 
6.5.3- Linear low density polyethylene + red pigment 
masterbatch 
The striation patterns of the linear low density polyethylene melt flow 
measured at the gate region are given in Table 6.16 . The horizontal and 
vertical intercepts at 140 bar back pressure are 2.1 and 1.5 and at zero 
back pressure these vaules are 2.9 and 1.8 respectively . These results 
demonstrate the variation of streak overall dimension under various 
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operating conditions where it reduces at high back pressure and increases 
at low screw speed. The streaks align in the flow direction, i.e the value 
of anistropy is greater than 1.0 . 
The flow patterns at the gate region of the linear low density polyethylene 
blended with the red rnasterbatch are given in Fig 6.35 and for the linear 
low density polyethylene blended with the brown rnasterbatch these are 
shown in Fig 6.36 . It can be seen from these patterns that the streak 
dimension and the striation of the melt flow were decreased considerably 
in the linear low density polyethylene compared to that in the 
polypropylene and high density polyethylene shown in Figs 6.31 to 6.34 . 
6.6- Evalution of mixture quality of moulded products 
using the" Microviewer " method 
The distribution of pigmented paste in thin moulded sample of linear low 
density polyethylene were reproduced photographically using Kodak 
contact papers. The Quantimet image analyser was then used to scan these 
photographs directly. The operating conditions selected were: the back 
pressure(0-140 bar) ; and the screw speed(10-260 r.p.m) . The 
photographs obtained are shown in Figs 6.37 to 6.41 . The pigment 
distribution revealed by these photographs was assessed and measured by 
the grey level distribution between pure black and white(0-63 levels) . For 
.. ideal .. mixture systems the grey level would be expected to occur either 
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at one point only or at several points of equal frequency. 
The black and white" windows" shown in these photographs were used 
to calibrate and locate the black and white levels in the grey distribution. 
The results and graphical plots related to the mixing performance of linear 
low density polyethylene are illustrated in Figs 6.42 to 6.46 . The 
standard deviation of these given distributions were expressed as a 
coefficient of variation and used as a measure of the grey level 
distribution. Generally. the narrower the grey level distribution. the 
smaller the coefficient of variation and the greater the improvement in the 
pigment distribution. On comparing the grey level distribution at zero 
back pressure given in Fig 6.42 with that at back pressure of 140 
bar(max.) shown in Fig 6.44 it is obvious that high back pressure has 
produced a narrower grey level distribution than at zero back pressure. 
Accordingly the coefficients of variation were 8.2 and 5.5 respectively. 
These results demonstrate that at high back pressure the pigment 
distribution improves as indicated by the coefficient of variation . The 
effect of screw speed on the pigment distribution can be seen in Figs 6.45 
and 6.46. These distributions show that as screw speed increased from 
10 r.p.m to 130 r.p.m. the coefficient of variation decreased from 12.3 to 
11.4 and consequently the distribution of pigment improved . 
It may be concluded that the pigment distribution improves when utilising 
high back pressure and screw speed . The back pressure was found to 
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have a greater effect on the pigment distribution than the screw speed as 
indicated by the grey level distribution and coefficient of variation. 
The method of examination(Microviewer) used earlier has the advantage 
of giving a good statistical representation of the sample under test and a 
rapid means of assessment. However, the results depend largely on the 
quality of the photographs produced , i.e the contrast and these need 
careful control. 
Conclusions 
The results discussed earlier produce the following conclusions . 
1- It was found that the addition of masterbatch pigments at level of 1 % 
by weight to virgin polypropylene has no measurable effect on its 
molecular weight distribution. 
2- The degree of dispersibility of the red pigment in all the polymers used 
was found to be considerably greater than for the brown pigment. This is 
believed to be attributed to the following factors . 
a- The viscosity of the brown masterbatch at a given temperature was 
higher than the red masterbatch (see Fig 6.11) and lower melt flow index. 
b- The brown pigment seems to be composed of larger agglomerates than 
the red pigment as shown in the micrographs of Fig 6.9 and 6.10 . 
c- There is a variation in the level of the components forming each 
pigment. The brown colour is often produced from mixture of 
98 
pigments(yellow , orange, etc) whereas the red pigment can be produced 
from one component of the red colour(99) . 
3- The dispersion and homogeneity of the red and the brown 
masterbatches(the base polymer is low density polyethylene) in the linear 
low density polyethylene matrix were observed to be greater than those pf 
polypropylene and high density polyethylene at given operating 
conditions(as shown in Tables 6.5-6.13) . This may be attributed to the 
differences in the melt viscosity of these polymers. 
4- The use of back pressure during the moulding cycle was found to be 
significantly effective in enhancing mixing quality . 
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CONCLUSIONS AND RECOMMENDATIONS 
7.1 - General conclusions 
7.1.1 - Assessment of mixing process 
1- The operating conditions of the injection moulding machine and in 
particular, back pressure, screw speed and melt temperature were the 
prime factors in controling mixing quality . The dispersion and 
distribution of the coloured masterbatches in the polymers have improved 
significantly at high levels of back pressure . 
2- The moulded products of the linear low density polyethylene blended 
with the red and brown masterbatches had superior mixing characteristics 
than those of the polypropylene and the high density polyethylene . 
3- The inclusion level of 1 %(by weight) of the red and brown 
masterbatches seemed to have no significant effect on the mechanical and 
thermal properties of the three virgin polymers studied. 
7.1.2 - Image analysis method 
1- The image analysing computer system" Quantimet 800 " used 
throughout the work was found to be one of the best techniques available 
for assessing mixing characteristics . The measurements of 
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dispersion(expressed by " undispersed area" and " average area" ) and 
distribution(represented by " coefficient of variation " ) of the coloured 
masterbatches in the polymer matrices were found to be to be reproducible 
and accurately represented the state of the mix. 
2- The measurements of streaks , expressed by the horizontal and vertical 
intercept , at the gate region was shown to be a suitable approach to 
characterise the striation of the melt flow at various operating conditions. 
It is an additional assessment to the state of the mix . 
3- The " Microviewer " method demonstrated to be a satisfactory 
technique for assessing pigment distributions in thin moulded samples. 
The production of sample image plays a very important part in this method 
as it could very well affect its fmal result . 
7.2 - Recommendations for further work 
During the research work some areas have been revealed to be of potential 
research interest. They include the following : 
1- New applications can be explored from the image analysis method for 
other materials such as measurement of fibre, foam system and porosity 
in ceramic . 
Some modifications of the existing technique may be required to cope with 
the added complications . 
2- The Microviewer method is a promising technique and well worthy of 
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further investigation and development for the purposes of mixture quality 
assessment . 
3- It is interesting to examine the dispersibility of other masterbatches , 
such as masterbatch based on polypropylene , in the polymer matrices in 
order to compare the degree of dispersibility of different polymer carrier. 
4- The effect of back pressure and screw speed on mixing quality have 
been examined using 55 tonne Negri-Bossi NB55 injection moulding 
machine . Further investigation is suggested using other models of the 
injection moulding machine to examine the effect of these processing 
variables on the mixing quality at values higher than those used in the 
research work . 
102 

Table 5.1 Typical properties of the polymers used in 
this study(manufacturer's data) 
Property 
Density (kg 1m3) 
* Tensile stress at 
yield (N/rnnf) 
Elongation at 
break (%) 
** !zod impact Q 
strength at -20 C 
(KJ/m2) 
Rockwell 
hardness 
Vicat softening 
point (QC) 
• Test speed 50 mm/min 
•• Notch radius 0.25 mm 
Polypropylene 
High density ethylene 
copolymer polyethylene 
(GXM38) (16065E) 
905 965 
34.5 27 
250 
-
2 
-
95 66 
145 132 
Table 5.2 Specification of the injection moulding 
machine used in this study 
Model Negri bossi 55 
Screw diameter 38 mm 
ScrewL/D 14.5 
Injection rate 84cm3 /sec 
Injection volume 3 141 cm 
Barrel heaters 3 - zones 
Nozzle heater 1-wne 
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Linear low density 
polyethylene 
(1258) copolymer 
922 
11.5 
600 
8 
47 
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Table 5.3 Operating conditions used for the production 
of mouldings 
0 
Barrel temperature( C) unit 1 unit 2 unit 3 
Polypropylene 160 190 220 
High density 155 175 195 
polyethylene 
Linear low density 150 170 180 
polyethylene 
Screw speed(r.p.m) 260(max.) 
Injection pressure (bar) 140(max.) 
Injection time 5 sec 
Cooling time 10 sec 
Total cycle time 21 sec 
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. Nozzle 
240 
210 
190 
Table 6.1 Mechanical properties of virgin polypropylene and 
polypropylene compound containing 1 % coloured 
masterbatches 
Moulding Tensile strength Elongation at 
conditions at yield(N/mnf) break(%) 
pp - Virgin 34 
PP+ 1 % Red Iligmllnt 
BP=O 
33 
33 
BP=80 
33 
BP=140(max.) 
SS=130 
33 
SS=lO(min.) 32 
PP+ 1 % Brown pigment 
32 
BP=O 
32 
BP=80 
32 
BP=140(max.) 
31 
SS=130 
-
32 
SS=10(min.) 
BP= Back pressure (bar) at maximum screw speed(260 r.p.m) 
SS= Screw speed(r.p.m) at zero back pressure 
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44 
62 
68 
55 
75 
87 
104 
92 
88 
97 
110 
S.D 
(8,0) 
(7.3) 
' (7.6) 
I 
: (7.1) 
(7.9) 
(8.1) 
(7.5) 
(7.2) 
(6.9) 
(7.0) 
(7.9) 
Table 6.2 Mechanical properties of virgin high density polyethylene 
and high density polyethylene compound containing 1 % 
coloured masterbatches 
Moulding Tensile strength 
conditions at yield(N/mn?) 
HDPE - Virgin 28 
HDPE+l% Red pigment 
BP=O 27 
BP=80 28 
BP=I40(max.) 28 
SS=130 28 
SS=lO(min.) 26 
HDPE+ 1 % Brown pigment 
BP=O 26 
BP=80 27 
BP=140(max.) 27 
SS=130 26 
SS=lO(min.) 26 
BP= Back pressure(bar) at maximun screw speed(260 r. p.m) 
SS= Screw speed(r.p.m) at zero back pressure 
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Elongation 
at break(%) 
S.D 
54 (6.9) 
68 1(7.7) 
64 (7.6) 
62 I ,(7.3) 
71 ' (7.4) , 
I 
79 1(8.0) 
84 ,(7.8) 
79 ,(7.2) 
I 
78 ,(7.0) 
90 (7.5) 
93 (8.2) 
Table 6.3 Mechanical properties of virgin linear low density 
polyetbylene and linear low density polyetbylene 
compound containing 1 % coloured masterbatches 
Moulding Tensile strength 
conditions at yield(N/IImi) 
LLDPE - Virgin 10 
LLDPE+1% Red pigment 
BP=O 10 
BP=80 10 
BP=I40(max) 10 
SS=130 10 
SS=IO(min) 10 
LLDPE+ 1 % Brown pigment 
BP=O 10 
BP=80 10 
BP=I40(max) 10 
SS=130 10 
SS=10(min) 10 
BP= back pressure(bar) at maximum screw speed(260 r.p.m) 
SS= Screw speed(r.p.m) at zero back pressure 
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Elongation 
at break(%) 
S.D 
708(8.4) 
II05 (7.5) 
1078 '(7.3) 
1019 (7.2) 
1127 (8.3) 
I 
II62 (8.1) 
1159 (6.9) 
1134 (7.5) 
II07 (7.0) 
1189 (7.9) 
, 
1218 (8.1) 
Table 6.4 Melt flow index of virgin polymers used in this 
study and their compounds 
Virgin + 1 % red pigment + 1 % brown pigment 
Polypropylene* 7.5 8.6 8 
High density 17.8 20 19 
polyethylene** 
Linear low density 27 29 28.5 
polyethylene** 
* measured at 230 QC / 2.16 kg 
o 
** measured at 190 C / 2.16 kg 
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Table 6.5 Effect of back pressure on the dispersion and 
distribution of coloured masterbatches in 
moulded polypropylene 
Moulding Undispersed Average area 
(mm2) 
Coefficient 
conditions area(%) 
Polypropylene + red pigment 
BP=O 22.3 17.8 
BP= 80 20.9 16.8 
BP =140(max.) 19.3 16.0 
Polypropylene + brown pigment 
BP=O 23.0 18.1 
BP=80 21.8 17.3 
BP = 140(max.) 20.1 16.7 
Bp= Back pressure(bar) at maximum screw speed(26Or.p.m) 
Coefficient of variation= Standard deviation x 100 I Mean 
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of variation 
12.9 
11.2 
9.1 
14.1 
12.3 
10.2 
Table 6.6 Effect of back pressure on the dispersion and 
distribution of coloured masterbatches in 
moulded high density polyethylene 
Moulding Undispersed Average area 
conditions area(%) (mrn2 ) 
High density polyethylene + red pigment 
BP=O 12.3 12.0 
BP=80 11.2 11.4 
BP = 140(max.) 10.5 10.6 
High density polyethylene + brown pigment 
BP=O 13.3 12.6 
BP=80 12.4 11.9 
BP = 140(max.) 11.7 11.0 
BP = Back pressure (bar) at maximum screw speed (260 r.p.m) 
Coefficient of variation= Standard deviation x 100 / Mean 
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Coefficient 
of variation 
9.9 
8.0 
6.7 
10.4 
8.7 
7.0 
Table 6.7 Effect of back pressure on the dispersion and 
distribution of coloured masterbatches in 
moulded linear low density polyethylene 
Moulding U ndispersed Average area 
conditions area(%) (mnh 
Linear low density polyethylene + red pigment 
BP=O 7.4 6.5 
BP = 80 6.3 6.1 
BP = 140(max.) 5.7 5.6 
Linear low density polyethylene + brown pigment 
BP=O 7.9 7.0 
BP=80 7.0 6.6 
BP = 140(max.) 6.4 6.0 
BP = Back pressure(bar) at maximum screw speed (260 f.p.m) 
Coefficient of variation= Standard deviation x 100 / Mean 
III 
Coefficient 
of variation 
6.1 
5.2 
4.4 
6.6 
5.7 
4.8 
Table 6.8 Effect of screw speed on the dispersion and distribution 
of coloured masterbatches in moulded polypropylene 
Moulding Undispersed Average area 
conditions area(%) (n;;J) 
Polypropylene + red pigment 
SS = lO(rnin.) 24.6 19.4 
SS = 130 23.4 IS.5 
SS = 260(max.) 22.3 17.S 
Polypropylene + brown pigment 
SS = lO(rnin.) 25.0 19.5 
SS = 130 24.1 19.0 
SS = 260(max.) 23.0 IS.1 
ss = Screw speed (r.p.m) at zero back pressure 
Coefficient of variation= Standard deviation x 100 I Mean 
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Coefficient 
of variation 
17.1 
15.4 
12.9 
IS.2 
16.S 
14.1 
Table 6.9 Effect of screw speed on the dispersion and 
distribution of coloured masterbatches in 
moulded high density polyethylene 
Moulding Undispersed Average area Coefficient 
conditions area(%) (I1mt) 
High density polyethylene + red pigment 
SS = lO(min.) 14.1 13.4 
SS = 130 13A 12.9 
SS = 260(max.) 12.3 12.0 
High density polyethy1ene + brown pigment 
SS = 10 (min.) 14.8 13.8 
SS = 130 14.2 13.3 
SS = 260(max.) 13.3 12.6 
ss = Screw speed (r.p.m) at zero back pressure 
Coefficient of variation= Standard deviation x 100 I Mean 
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of variation 
14.0 
12.4 
9.9 
14.6 
12.8 
lOA 
Table 6.10 Effect of screw speed on the dispersion and 
distribution of coloured masterbatches in 
moulded linear low density polyethylene 
Moulding U ndispersed Average area Coefficient 
conditions area(%) (mnl) 
Linear low density polyethylene + red pigment 
SS = 10(min.) 8.6 
SS = 130 8.0 
SS = 260(max.) 7.4 
Linear low density polyethylene + brown pigment 
SS = 10(min.) 8.9 
SS = 130 8.5 
SS = 260(max.) 7.9 
ss = Screw speed (r.p.m) at zero back pressure 
Coefficient of variation= Standard deviation x 100 I Mean 
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7.5 
7.1 
6.5 
8.1 
7.6 
7.0 
of variation 
10.1 
8.2 
6.1 
10.7 
8.8 
6.6 
Table 6.11 Effect of melt temperature on the dispersion 
and distribution of red masterbatch in 
moulded polypropylene 
Moulding Undispersed Average area Coefficient 
conditions area(%) (mm2 ) of variation 
Bp =0 20.8 16.9 11.1 
BP=80 18.6 16.2 9.6 
BP = 140(max.) 16.1 15.4 8.7 
SS = lO(min.) 17.8 18.1 14.4 
SS = 130 19.3 17.6 12.7 
SS = 260(max.) 20.8 16.9 11.1 
, Melt temperature = 290 QC 
Table 6.12 Effect of melt temperature on the dispersion 
and distribution of red masterbatch in 
moulded high density polyethylene 
Moulding Undispersed Average area 
conditions area(%) (mm2 ) 
BP=O 11.1 10.9 
BP=80 10.3 10.1 
BP = 140(max.) 9.8 9.4 
SS = lO(min.) 13.0 12.4 
SS = 130 12.2 11.8 
SS = 260(max.) 11.1 10.9 
BP = Back pressure(bar) at maximum screw speed (260 T.p.m) 
SS = Screw speed (T.p.m) at zero back pressure 
Coefficient of variation= Standard deviation x 100 I Mean 
. Melt temperature = 270 QC 
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Coefficient 
of variation 
7.7 
6.1 
5.3 
11.4 
9.7 
7.7 
Table 6.13 Effect of melt temperature on the dispersion 
and distribution of red masterbatch in 
moulded linear low density polyethylene 
Moulding U ndispersed Average area Coefficient 
conditions area(%) (Il1I1f ) of variation 
BP=O 6.4 5.4 5.0 
BP=80 5.3 5.0 4.1 
BP = 140(max.) 4.8 4.4 3.5 
SS = lO(rnin.) 7.8 6.2 7.6 
SS = 130 7.0 5.9 6.2 
SS = 260(max.) 6.5 5.4 5.0 
Melt temperature = 250 °C 
Table 6.14 Measurement of streakiness pattern at the gate region 
of polypropylene blended with red masterbatch 
Moulding Horizontal Vertical 
conditions Intercept(Hl) Intercept(Vl) 
BP=O 7.6 3.3 
BP=140(max.) 6.1 2.9 
SS= 10(rnin.) 8.6 3.6 
SS= 260(max.) 7.6 3.3 
BP: Back pressure(bar) at maximum screw speed (260 T.p.m) 
SS= Screw speed (T.p.m) at zero back pressure 
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Anisotropy 
(HI!Vl) 
2.3 
2.1 
2.4 
2.3 
Table 6.15 Measurement of streakiness pattern at the gate 
region of high density polyethy lene blended 
with red masterbatch 
Moulding Horizontal Vertical Anisotropy 
conditions Intercept(Hl) Intercept(VI) (HIfVI) 
BP=O 4.1 2.3 1.8 
BP=140(max.) 3.2 1.9 1.7 
SS=10(r.p.m) 4.9 2.6 1.9 
SS=260(max.) 4.1 2.3 1.8 
Table 6.l6 Measurement of streakiness pattern at the gate 
region of linear low density polyethylene 
blended with red masterbatch 
Moulding Horizontal Vertical 
conditions Intercept(Hl) Intercept(Vl) 
Bp=O 2.9 1.8 
BP=l40(max.) 2.1 1.5 
SS=lO(r.p.m) 3.6 2.1 
SS=260(r.p.m) 2.9 1.8 
Bp: Back pressure(bar) at maximwn screw speed (260 r.p.m) 
SS= Screw speed (r.p.m) at zero back pressure 
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Anisotropy 
(HIND 
1.6 
1.4 
1.7 
1.6 
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Fig 1.1 The" Liquid Colouring" technique for injection moulding 
process 
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Fig 2.1 Melting mechanism of Maddock(31) 
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Fig 2.2 Melting mechanism of Chung(35) 
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Convective mixing 
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Fig 3.1 Types of convective mixing 
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A B 
Fig 3.2 Schematic representation of distributive mixing (Ref 3) 
A- Random rearrangement 
B- Ordered rearrangement 
121 
a 
a 
Coarse grained 
mixture 
•••• 
-
Fine grained 
mixture 
b 
b 
Fig 3.3 Grain size in mixture 
a- poorly mixed 
b- well mixed 
Ref(52) 
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Decreasing intensity of segregation 
Fig 3.4 Schematic representation of the scale and 
intensity of segregation Ref(3) 
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B 
Fig 3.5 Measurement of striation thickness in simple 
shear flow .The square of block fluid(A) is 
sheared by the moving plate(B) to a rectangular 
strip of striation thickness(r), Ref(81) 
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Fig 4.1 hnage analysing computer" Quantimet 800 " used in 
the current work 
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Fig 4.2 The general functions of the Quantimet 
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Fig 4.3 Classification of features 
a- Well-defined features 
b- Badly-defmed features 
c- Touching, overlapping, ambiguous 
and noisy features 
Video 
signal 
C 
B 
D 
A- Over detected 
B- Under detected 
C- Correctly detected 
D- Scanner video 
E- Squared video 
Fig 4.4 Autodelineation 
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Fig 4.6 Field measurements 
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Fig 4.7 Schematic Geometry of Erosion and Dilation 
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Fig 5.1 Moulded test plaque. Dimensions are in mm 
130 
Fig 5.2 Sledge microtome 
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Fig 5.3 Molecular separation in gel penneation chromatography 
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Fig 5.4 The basic model of the Davenport rheometer 
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Fig 5.5 Characteristic curve of a photography 
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Fig 6.1 Direct GPC chromatogram of virgin polypropylene 
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PSCC GPC SYSTEM 
C~LI8R~;ION : ODe8/11.BS 
RUN HO./NA~E: 8312 RAW (8126) 1128 861288 
PEAK START: SIB ~N: 3. 86E+S4 
PEAK FINISH: a28 
~W: 2.99E+SS 
BASELINE START: 518 
BASELINE FINISH: 186& ~Z: 1.23E+86 
FLOw CORRECTION: 1.889 ~p: 1. 43E+SS 
KP: l.a38Xla -4 D: 7.746 
AP: .788 
IBA 2 19A a 
M13LECULAR WEIGHT 
Fig 6.2 GPC :chromatogram showing the molecular weight 
distribution of virgin polypropylene 
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Fig 6.3 Direct ope 'chromatogram of polyp ropy le ne compound 
containing 1 % red masterbatch 
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Fig 6.4 GPe : chromatogram showing the molecular weight 
distribution of polypropylene compound containing 
1 % red masterbatch 
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Fig 6.5 Direct GPC chromatogram of polypropylene compound 
containing 1 % brown masterbatch 
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pscc GPC SYSTEM 
CALIBRATION' 00CB2/18.88 
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Fig 6.6 GPC chromatogram showing the molecular weight 
distribution of polypropylene compound containing 
1 % brown masterbatch 
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Fig 6.7 Energy dispersive scanning output, showing the chemical 
constituents of the red pigment 
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Fig 6.8 Energy dispersive scarming output. showing the chemical 
constituents of the brown pigment 
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Fig 6.9 SEM micrograph of the pigment showing its 
agglomerats(solvent method) ; 
(a) red pigment 
(b) brown pigment 
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Fig 6.10 SEM micrographs showing the dispersion of the 
pigment in polymer carrier(thin section) ; 
(a) red pigment 
(b) brown pigment 
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Fig 6.11 Melt viscosity of polypropylene,high density polyethylene, 
linear low density polyethylene and pigmented 
masterbatches at constant shear rate of 200 S-1 
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Fig 6.12 Melt viscosity of polypropylene at low and high shear rates 
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Fig 6.13 Melt viscosity of high density polyethylene 
at low and high shear rates 
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Fig 6.14 Melt viscosity of linear low density polyethylene 
at low and high shear rates 
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Fig 6.15 Shear stress versus shear rate of polypropylene 
at various temperatures 
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Fig 6.16 Shear stress versus shear rate of high density 
polyethylene at various temperatures 
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Fig 6.17 Shear stress versus shear rate of linear low density 
polyethylene at various temperatures 
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Sample: pp DSC FUe: c: PPR.01 Size: 12.4000 mg Operator: LATIF 
Method: POLYOLEFIN Run Data: 28-Aug-90 10: 12 
Comment: Raw Polymer 
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Fig 6.18 DSC thennogram showing both heating and cooling 
processes of virgin polypropylene 
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Fig 6.19 DSC thermogram showing both heating and cooling 
processes of polypropylene compound containing 1 % red 
masterbatch 
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Fig 6.20 DSC thermogram showing both heating and cooling 
processes of polypropylene compound containing 1 % 
brown masterbatch 
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Fig 6.22 DSC thennogram showing both heating and cooling 
processes of high density polyethylene compound 
containing 1 % red masterbatch 
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Fig 6.23 DSC thermogram showing both heating and cooling 
processes of high density polyethylene compound 
containing 1 % brown masterbatch 
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Fig 6.24 DSC thermogram showing both heating and cooling 
processes of virgin linear low density polyethylene 
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Fig 6.25 DSC thennogram showing both heating and cooling 
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Fig 6.26 DSC thennograrn showing both heating and cooling 
processes of linear low density polyethylene compound 
containing 1 % brown masterbatch 
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Fig 6.27 Chord lengths distribution of masterbatch 
pigments in the polypropylene matrix 
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Fig 6.28 Chord lengths distribution of masterbatch pigments 
in the high density polyethylene matrix 
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Fig 6.29 Chord lengths distribution of masterbatch pigments 
in the linear low density polyethylene matrix 
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Flow 
a) screw speed = 10 r.p.m(min) 
back pressure = 0 
direction 
b) back pressure = 140(max) 
screw speed = 260 r.p.m 
Fig 6.31 Transmitted light micrographs showing the flow pattern at 
the gate region of poJypropyJene containing red masterbatch 
(magnification x 20) 
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Flow 
a) screw speed = 10 r.p.m(min) 
back pressure = 0 
direction 
b) back pressure = 140(max) 
screw speed = 260 r.p.m 
Fig 6.32 Transmitted light micrographs showing the flow pattern at 
the gate region of polypropylene containing brown masterbatch 
(magnification x 20) " 
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Flow 
• 
a) screw speed = 10 r.p.m(min) 
back pressure = 0 
direction 
b) back pressure = l40(max) 
screw speed = 260 r.p.m 
Fig 6.33 Transmitted light micrographs showing the flow pattern at 
the gate region of high density polyethylene containing red 
masterbatch (magnification x 20) 
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Flow 
• 
a) screw speed = 10 r.p.m(min) 
back pressure = 0 
direction 
b) back pressure = 140(max) 
screw speed = 260 r.p.m 
Fig 6.34 Transmitted light micrographs showing the flow pattern at 
the gate region of high density polyethylene containing brown 
masterbatch (magnification x 20) 
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Fig 6.35 Transmitted light micrographs showing the flow pattern at 
. the gate region of linear low density polyethylene containing 
red masterbatch (magnification x 20) 
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a) screw speed = 10 r.p.m(min) 
back pressure = 0 
direction 
b) back pressure = 140(max) 
screw speed = 260 r.p.m 
Fig 6.36 Transmitted light micrographs showing the flow pattern at 
the gate region of linear low density polyethylene 
containing brown masterbatch (magnification x 20) 
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Fig 6.37 Pigment distribution in linear low density polyethylene 
(operating conditions back pressure= 0 ; screw 
speed= 260 r.p.m) 
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Fig 6.38 Pigment distribution in linear low density polyethylene 
(operating conditions back pressure= 80 bar ; screw 
speed= 260 r.p.m) 
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Fig 6.39 Pigment distribution in linear low density polyethylene 
(operating conditions back pressure= 140 bar ; screw 
speed= 260 r.p.m) 
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Fig 6.40 Pigment distribution in linear low density polyethylene 
(operating conditions screw speed= 10 r.p.m ; back 
pressure=O) 
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Fig 6.41 Pigment distribution in linear low density polyethylene 
(operating conditions screw speed= 130 r.p.m ; back 
pressure=O) 
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Fig 6.42 Grey level distribution of linear low density polyethylene 
(operating conditions back pressure=O ; 
screw speed=260 r.p.m) 
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Fig 6.43 Grey level distribution of linear low density polyethylene 
(operating conditions back pressure=80 bar ; 
screw speed=260 r.p.m) 
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Fig 6.44 Grey level distribution of linear low density polyethylene 
(operating conditions back pressure=140 bar; 
screw speed(260 r.p.m) 
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Fig 6.45 Grey level distribution of linear low density polyethylene 
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